


THE AMERICAN 
JOURNAL OF PHYSIOLOGY 

VOLUME I5X 

JANUARY-MARCH 1948 


BOARD OF PUBLICATION TRUSTEES 


A. C. Ivy 


Hallowell Davis 
D. B. Dill 
J. A. E. Eyster 


Homer W. SraxH 

^ ji ^ 

EDITORIAL BOARD 

R. W. Gerard 
F. G. Hall 
■\V. G. Hamilton 


Frank C. Mann 


C. N. H. Long 
R. F. Pitts 
J. P. Quigley 


H. P. SlDTH 


David Rapport 


Milton 0. Lee, Managing Editor 


...Tn 


THE AMERICAN PHYSIOLOGICAL SOCIETY ' 

Washington, D. C. 



CorVRIGHT 19-18 
BV 

The PHVS.OB.O.CM. SOC.ETV, IHC, 


6'' 




^ t 


] r»:. 0<r. N ic^ 


Z ( Date.-^S'.Jd-.SZ.. 




WAA-tw-v Press, Ike. 

Bamiuore, Marveakd 

Mode in Unil^ Stales oj Amcrtca 



CONTENTS OF VOLUME 152 

No. 1, JANUARY 1948 

Weight-Carrying Capacity and Excitability of Excised Ciliated Epithelium. IF. C. 

Stewart ^ 

Immediate Effects of Ether and Nembutal upon Some of the Blood Components in the 

Cat. Dietrich C. Smith, Robert H. Ostcr, Linda Snyder and Leah ill. Proutt G 

Composition of the Regenerating Liver after Partial Hepatectomy in Normal and 

Protein-Depleted Rats. F. N. Gurd, II. M. Foes and I. S. Ravdin 11 

Protection Against Acceleratory Forces by Carbon Dioxide Inhalation. L. Van Mid- 

dlcsivorth and R. F. Kline 22 

Clearances as a Measure of Renal Function in the Rat. Richard IF. Lippman 27 

Volume Measurement of the Islets of Langerhans and the Effects of Age and Fasting. 

R. E. Ilaist and E. J. Pugh 3G 

Application of the Saturation Principle to the Estimation of Functional Hepatic Mass 

in Normal Dogs. Morton F. Mason, George Hawley and Alice Smith 42 

Arterio-Venous Anastomoses in Liver, Spleen, and Lungs. M. Prinzmetal, Edward 

M. Ornitz, Jr., Benjamin Simkin and H. C. Bergman 48 

Some Actions of Potassium Chloride at the Neuromuscular Junction, ilf. Allamira7io 

and F. Huidohro 53 

Exchange and Distribution of Fluid in Dehydration in the Dog. Elizabeth E. Painter, 

Joseph H. Holmes and Magnus I. Gregersen GG 

Effects of Isotonic Solutions and of Sulfates and Phosphates on the Distribution of 
Water and Electrolytes in Human Blood. P. M. Hold, .4. J. Heinsen and J. P. 

Peters 77 

Effect of Acetylcholine, Caffeine and Alkaloids on Activity of Muscle Adenosinetri- 

phosphatase. Clara Torda and Jlarold G. Wolff. SG 

Renal Excretion and Volume Distri^jution of Some'Polyethylene Glycols in the Dog. 

C. Boyd Shaffer, Frances H. Critchficld and Charles P. Carpenter 93 

Influence of Thyroid Status on the Electrocardiograin and Certain Blood Constituents 

y/6l the Sheep. D. N . Mullick, B., Y...}Alfredson and E. P. Reinckc 100 

M'easurement of Alveolar Pressure in Human Subjects. A. B. Otis arid D. F. 

Proctor lOG 

Reversible Cellular Permeability Alterations in Disease. In Vivo Studies on Sodium, 
Potassium and Chloride Concentrations in Erythrocytes of the Malarious Monkey. 

Richard R. Overman 113 

Causes of Skin Cooling in Pressure Breathing, Deep Inspiration and Deep Expiration. 

Vincent De Lalla, Jr 122 

Pituitary-Adrenal Cortical Antagonism to Estrogenic Stimulation of the Uterus of the 

Ovariectomized Rat. Clara M. Szego and Sidney Roberts 131 

Cardiovascular Response to Posture and the Problem of Faintness and Syncope in the 
Semi-Starved Individual. Hctiry Longstrccl Taylor, Austin Henschcl and Anccl 

/ ; 141 

✓^ysiological Mechanism of Experimental Goitrogenesis. D. P. Sadhu 150 

'>Pulse Rate Responses to Acceleration under Reduced Barometric Pressure. L. Van 

Middlesworlh jgy 

^^Jiysiological Studies of the Effects of Intermittent Positive Pressure Breathing 
on Cardiac Output in Man. Andre Cournand, Hurley L. Motley, Lars IFcrAo and 
Dickinson IF. Richards, Jr jq2 

iii 



IV 


CONTENTS OP VOLUiME 152 


Effect of Xanthopterin on Cell Proliferation in Bone Marrow Cultures. Earl R. Norris 


and John J. Majnarich I75 

Xanthopterin in Rat Anemia Produced by Sulfathiazole. Earl R. Norris and John J. 

Majnarich I79 

Maintenance of Vasodilatation of the Extremities of Normal Individuals for a Pro- 
longed Period by the Ingestion of Two to Four Substantial Meals in Close Succes- 
sion. Grace M. Roth and Charles Shcard 183 

Distribution of Estradiol between Serum and Red Cells. Fritz Bischoff and Robert 

E. Katherman 189 

Hereditary Obesity and Temperture Regulation. Margaret Lindsay Turner 197 

Physiologic Icterus of the Newborn. Arthur Loeiuy and L. Willard Freeman 205 

Production of Ketosis by the Growth and Adrenocorticotropic Hormones. Leslie 

L. Bennett, Ruth E. Kreiss, Choh Hao Li and Herbert M. Evans 210 

Effect of Inorganic Phosphate on the Glycolysis of Human Blood. A. Jean Heinsen. . . . 216 


No. 2, FEBRUARY 1948 

Neural Responses and Reactions of Heart of Human Embryo. IF. E. Garrey andS. E. 


Townsend 219 

Experimental Hypothermia and Rewarming in Dog: Recovery after Severe Reduction 

in Body Temperature. Hans 0. Haterius and George L. Maison 225 

Observations on Energy Metabolism and Water Balance of Men Subjected to Warm 
and Cold Environments. C. R. Spealman, William Yamamaio, E, IF. Bixby and 

Michael Newton 233 

Reactions of Men Exposed to Cold and Wind. Steven M. Horvath 242 

Effects of Acute Exposure to Simulated Altitudes on Dextrose Tolerance and Insulin 

Tolerance. Vincent C. Kelley and Roger K. McDoiiald 250 

Histochemical Study of ‘Alkaline’ Phosphatase of Kidney of Castrated Mouse after 

Stimulation with Various Androgens. Charles D. Kochakian 257 

Vitamin A, Iodide and Thyrotropic Hormone Content of Anterior Pituitary. D. P. 

Sadhu 263 

Shrinkage of Lymphatic Tissue in Rats Following Injections of Insulin. Isolde T. 

Zeckwer 267 

Interrelationships of Spermatozoa Coimt, Hyaluronidase Titer and Fertilization. 

Bennett Salbnan and Jorgen M. Birkeland 271 

Effects of Certain Factors upon Level of Plasma Phosphatases of Breeding Bulls. 

J. T. Reid, G. M. Ward and R. L. Salsbury 280 

Utilization by Dogs of Nitrogen of Heated Casein. Elsie 0. TFeasi, Mary Groody and 

Agnes Fay Morgan 286 

Observations Concerning Effects of (1) Sodium Salicylate and (2) Sodium Salicylate 
and Glycine upon Production and Excretion of Uric Acid and Allantoin in Rat. 

Meyer Friedman 302 

Effect of Folic Acid and Liver Extract on Serum and Red Cell Cholinesterase Activity. 

Anne M. Kunkel, Stephen Krop and W. C. IFcscoe 309 

Blood Pressure Changes in Response to Electrical and Chemical (Acetyl-Beta-Methyl- 

choline) Stimulation of Cerebral Cortex in Dogs. William F. Kremcr 314 

Specific Sympathomimetic Substance in Brain. TF. Raab 324 

Coronary Sinus Catheterization for Studying Coronary Blood Flow and Myocardial 
Metabolism. TV. T. Goodale, Martin Lubin, J. E. Eckenhoff, J. H. Hafkenschiel 

/and IF. G. Banfield, Jr 340 

Measurement of Coronary Blood Flow by Nitrous Oxide Method. J. E. Eckenhoff, J. 

H. Hafkenschiel, M. H. Harmel, W. T. Goodale, M. Lubin, R. J. Bing and S. S. 

Keiy 356 

Normal Human Arterial Oxygen Saturation Determined by Equilibration with 100 Per 


Cent O; in vivo and by the Oximeter. Julhts H. Comroe, Jr. and Patricia Walker. . 365 



CONTENTS OP VOLUME 152 


V 


Studies of Pulmonary Circulation at Rest and During Exercise in Normal Individuals 
and in Patients with Chronic Pulmonary Disease. R. L. Riley, A. Himmclstein, 

H. L. Motley, H. M. Weiner and A. Gournand 372 

Effect of Body Temperature Change on the Circulation Time in Chicken. S. Rodbard 

and A. Fink 383 

Quantitative Studies on Comparative Activity of Calcium and Chemically Related Ions 

on Coagulation of Blood. Mario Slcfanini and Armand J Quick 389 

Limitations of Renin-Hypertensin Hypothesis. E. Mylon, M. Lund and J . H. Heller. . 397 
Effect of Intravenous Injection of Magnesium Chloride on Body Temperature of Un- 
anesthetized Dog, with Some Observations on Magnesium Levels and Body Tem- 
perature in Man. FredC. Heagy and Alan C. Burton 407 

Effect of Pulmonary Artery Ligation on Histamine Content of Lung, with Observations 

on Concomitant Structural Changes. Guslaf B. Lindskog and Alfred Gilman 417 

_3r^in and Muscle Potassium in Relation to Stressful Activities and Adrenal Cortex 

Function. Hudson Hoagland and David Stone 423 

Conduction Rates and Dorsal Root Inflow of Sensory Fibers from Knee Joint of Cat. 

Ernest Gardner 436 

Urinary Excretion of Ascorbic Acid by Guinea Pigs with Healing Skin Wounds. Mary 

^Elizabeth Reid 446 

.■'Roentgenographic Study of Motility of Gastro-intestinal Tract of Guinea Pig. Mary 

Elizabeth Reid and William C. While 455 

Effect of Feeding Liver on Rate of Regeneration of Liver in Partially Hepatectomized 

Rats. R. W. Denton and A. C. Ivy 460 

Metabolic Recovery Rates from Exercise after Alteration of Alkaline Reserve. Wil- 
liam E. Berg , 465 


No. 3, MARCH 1948 


Effective Osmotic Pressure of the Plasma Proteins and Other Quantities Associated 
with the Capillary Circulation in the Hindlimbs of Cats and Dogs. John R. Pap- 

penheimer and Armando Soto- Rivera 471 

Force and Time Elements in Circulatory Changes Under Acceleration: Carotid Ar- 
terial Pressure Deficiency Areas. F, A. Pertzoff and S. W. Britton 492 

Effect of Sympathectomy on Blood Flow in the Human Limb. Irwin D. Stein, Karl 

Harpuder and Jacob Byer 499 

Effects of Exercise and of Some Other Influences on the Renal Circulation in Man. 

H. L. White and Doris Rolf 505 

Duration of Renal Ischemia Required to Produce Uremia. Paul B. Hamilton, Robert 

A. Phillips and Alma Hiller 517 

Effect of 20 , 60 and 120 Minutes of Renal Ischemia on Glomerular and Tubular Func- 
tion. R. A. Phillips and P. B. Hamilton 523 

Traumatic Shock XVI : Amino Acid Metabolis in Hemorrhagic Shock in the Dog. Ar- 
nold M. Seligman, Benjamin Alexander, Howard A . Frank and Jaeob Fine 531 

Influence of Hypotension on Coronary Blood Flow, Cardiac Work and Cardiac Effi- 
ciency. J . E. Eckenhoff, J. H. Hafkenschiel, B. L. Foltz and R. L. Driver 545 

Arterial Pressure Pulse Waves in a Patient with Coarctation of the Aorta. Morion 

Galdston and J. Murray Steele 554 

Arterial Hypertension in the Chicken. R. Lenel, L. N. Katz and S. Rodbard 557 

Validity of T-1824 in Plasma Volume Determinations in the Human. William N. 

Campbell, Andrew Sokalchuk and Robert Penman 553 

^.Sefum Ac-Globulin : Formation From Plasma Ac-Globulin ; Role in Blood Coagula- 
tion; Partial Purification; Properties; and Quantitative Determination. Arnold 

G. Ware and Walter H. Seegers 507 

Influence of Heparin on the Optical Density of Clotted Plasma. R. H. K. Foster 577 



VI 


CONTENTS OF VOLUME 152 


Importance of Pressure Factors in the Genesis of Pulmonary Edema Following Va- 
gotomy. A. H. Sussman, A. Hemingway and M. K. Visscher 585 

An Attempt to Produce Pulmonary Edema by Increased Intracranial Pressure. A. 

Surtshin, L. N. Katz and S. Rodbard 589 

Retention of Sex Functions after Isolation of the Pars Anterior by Extirpation of the 

Hypophysial Stalk. Carlyle G. Brcckenridge and Allen D. Keller 591' 

Effect of Adrenalectomy upon the Tolerance of the Eviscerated Rat for Intravenously 

Administered Glucose. Dwight J. Ingle and James E. Nezamis 598 

Effect of Adrenalectomy Upon the Urinary Excretion of Glucose and Nonprotein Nitro- 
gen in the Partially Depancreatized, Force-Fed Rat. Dwight J. Ingle and Mildred ■ 

C. Prestrud 603 

The Influence of a Previous Injection of Epinephrine Upon the Diabetogenic Effect of 

Alloxan in Rabbits. R. Carrasco-Formiguera and Isabel Escobar 609 

Excretion of Urinary 17-Ketosteroids by the Male Rabbit. Donald J. Kimeldorf 615 

Inhibition of Epinephrine Action in Severe Hypoxemia. A. Surtshin, S. Rodbard and 

L. N. Katz 623 

Blood Glutathione in the Bovine. J . T. Reid, G. M. Ward and R. L. Salsbtiry 633 

Effect of Administering Agenized Amino Acids and Wheat Gluten to Dogs. G. W. 

Newell, S. N. Gershoff, F. H. Fung and G. A. Elvehjem 637 

The pH of Gastric Mucous Secretion. Franklin Hollander, Frances U. Lauber and 

Julius J. Stein 645 

Further Studies of Xanthopterin and Other Pteridines in Bone Marrow Cultures. 

Earl R. Norris and John J. Majnarich 652 

Reduction of Central Hyper-Irritability Following Block Anesthesia of Peripheral 

Nerve. Orr E. Reynolds and Hal C. Hutchins 658 

Rate of Recovery of Temperature Regulating Responses After Ether Anesthesia. Al- 
lan Hemingway 663 

Postural Changes in Vital Capacity with Differential Cuff Pressures at the Bases of the 

Extremities. Gilbert S. Campbell and R. Bryce Harvey 671 

Alveolar Gas Changes During Breath Holding. A. B. Otis, H. Rahn and W. 0. Fenn. . 674 
Metabolic Changes of Blood and Tissue Gases During Asphyxia. Florence J. Herber. . 687 
Observations of Arterial Oxygen Content in Children During the Inhalation of Air and 
and 100 Per Cent Oxygen. Sylvia N. Preston and Nelson K. Ordway 696 




^ \ iir r' * ' ^ 

, o'.>^'’'.l."^'fcr;/r .^ • 


.x'-' 


'A'- 


rT3'"'TT-.y' \C 

-> r *> > 


o 

X 


THE AMERieHr— 


x: / 




Journal of Physiology 

Pttblishcd by 

THE AMERICAN PHYSIOLOGICAL SOCIETY 


VOLITME 152 


FEBRUARY 1, 1948 


Number 2 


NEURAL RESPONSES AND REACTIONS OF THE HEART OF A HUMAN 

EMBRYO' 
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The observations recorded in this paper were made on the isolated lieart of a 
human embiyo of 100 millimeter cro\ra-rump length. Such a size on the basis 
of age-length curves (1) would indicate a presumptive fertilization age of 13 
weeks. The isolated ventricles of the heart, after removal in preparation for 
experiments, were nine millinreters from base to apex. 

The immediate object of the study was to determine whether cholinergic 
inhibitory nerves (vagi) Avould function at this embryonic stage and to compare 
other functional characteristics with those accredited to adult mammalian 
hearts. 

The observations followed a procedure which has been used to advantage bj”- 
the authors in unpublished studies on the hearts of several mammalian forms. 
It consists simply of initial rapid chilling of the heart, in a modified Ringer’s 
solution, to about 5°C. and the subsequent stud 3 '' of cardiac strips at temperatur’es 
lower than the normal body temperature. In such a cold solution mammalian 
cardiac tissue will remain quiescent but viable often as long as four days; strips 
of either atrium or ventricle will beat spontaneously when the temperature is 
raised, and at room temperature (e.g., 24'’C.) the beats are more vigorous than 
at body temperature. ^ When adequately oxygenated the beats will continue 
for hours, and such strips have been used on three successive days after cooling 
to 5'^C. during the night. 

The embiyonic heart was divided into three preparations, the sinus-atrium 
and two ventricular portions, the dissection being completed in the cold Ringer’s 
so^. Records of contractions rvere made by the simplest suspension 

' This investigation was aided by a grant from the American Medical Association. 
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method. For recording, the preparation Avas attached to a light magnesium 
ribbon lever and immersed in 50 cc. of saline solution, through Avhich oxygen Avas 
gently bubbled. The buffers of the solution maintained a pH of 7.5 to 7.6 
throughout all observations. The test for vagal inhibition AA^as that described 
for cold-blooded hearts by Garrey and Chastain (2). After eserinizing, acetyl- 
choline Avas added to a desired concentration to produce stimulation of the 
inhibitory nerves. The inhibitory action of the vagi on the pacemaker and 
atrial contraction of mammalian hearts is strikingly effective bj'- this method 
of testing, and effects are obtained at Ioaa' temperatures as AA'ell as at body 
temperature, hence its use in the present iuA'estigation. 

Ventricles. The right A'^entricular muscle AA-as mounted for recording and 
gradually AA^armed from 5°C. to room temperature (24°C.). After a half hour 
the preparation contracted in response to electrical stimulation and an occasional 
automatic beat AA^as obseiYed. These contractions AA^ere not AA'eakened by eserine 
(1-20,000) plus acetylcholine bromide in concentrations up to one part in 10,000 
of saline. After repeated AA'ashing AA'ith Ringer’s solution, the A'-entricular muscle 
AA^as subjected to a continuous bath of one in one million acetylcholine bromide. 
In this solution it responded to induction shocks and a regular rhythm deA'^eloped. 
These spontaneous beats appeared at first in groups AA'hich changed in such a AA'ay 
as to indicate the disappearance of partial block betAA^een the point of impulse 
initiation and the main muscular mass. Once established the beats continued 
AAuth force and regularity at a rate of 17 per minute at 24°C. Thus the presence 
of acetylcholine did not, through any inhibitoiy action, prevent the development 
or conduction of autogenous contractions. Taa^ hours later the heart AA'^as beat- 
ing strongly; then, folloAAung further treatment AA'ith eserine (1-50,000), the 
concentration of acetylcholine AA'as raised to one in 100,000 and finally to one in 
25,000 AAdthout any evidence of inhibition of rate or force of contractions (fig. 1). 

Adrenaline chloride (one in 250,000) failed to elicit significant effects beyond 
a slight acceleration of rate. It AA'^as not determined AAFether this AA^as due 
directly to a muscular action or indirectly to the influence of functionally actiAfe 
sympathetic nerves. Identical reactions AA'ere obtained from our second ventric- 
ular preparation, the contractions of AA'hich AA'ere at the identical rate of the 
first preparation, a rate less than one-third that of the sinus-auricular preparation. 
It AA'ould thus appear that the rh^-thmogenic characteristics and ratios AA'hich 
are found in different parts of the heart of the adult are alread5' established prior 
to the age of this embryo. Histological preparations revealed the presence of 
many nerA'e fibers throughout the ventricles; neA'^ertheless, there AA'as a complete 
absence of any cholinergic inhibitory effects. This, hoAA'CA'er, is not surprising 
since, by use of this same method of testing, aa'b have been unable to demonstrate 
cholinergic inhibition of the adult A'entricular muscle of any of the man}' types of 
mammals studied. 

Simis-alrium. Three hours after its initial cooling the auricular preparation 
AA'as mounted for recording at room temperature. The beats gradually increased 
to a uniform height and continued at a rate of about 63 per minute. Unlike the 
A’entricles this atrial preparation did shoAV definite, though slight, eA'idences of 
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inhibitory responses when the acetylcholine tests of vagal inhibition were ap- 
plied, but the sensitivity was low. For example, after anticholinesterase treat- 
ment with eserine (one in 50,000) this preparation did not react in any detectable 
way to acetylcholine bromide unless the concentration was greater than one part 
in 10 million, which caused a 20 per cent reduction in the height of contraction 
followed by a partial block between the sinus (pacemaker) and the atrium, result- 
ing in a sudden drop of atrial contractions to one-half the pre-existing rate. The 
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Fig. 1. Automatic beats of the ventricle. Not inhibited by eserine (ES, 1/50000) plus 
acetylcholine one in 100,000 (at 100 M) or one in 25,000 (at 25 M). Time tracing = 5" in- 
tervals. 

Fig. 2. Sino-atrial beats. A,B and C are successive records. A records the long latency 
and 2/1 block produced by acetylcholine (one in ten million, 10 mil.). B records the com- 
plete s/a block produced by stronger acetylcholine solution (one in 2.5 million, 2.5 mil.), 
but contractions were elicited by electrical stimuli. C shows the release from acetylcholine 
action when atropine, one in one million, was added at atr. The same time record (T = 5") 
applies to all tracings. 

latent period of the drug action was very long, for the partial block did not appear 
until nearly two minutes after application of the acetylcholine. At this juncture 
the concentration of acetylcholine was quadrupled (one in 2.5 million). Again 
after a latent period of nearly two minutes the partial block suddenly became 
complete and the atria remained quiescent. Inhibition, however, was far from 
complete since they responded with contractions upon electrical stimulation. 
Release from the effects of acetylcholine followed 45 seconds after treatment with 
atropine (one in one million); the block disappeared, the rate accelerated 
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promptlj'- to the normal rate and the height of contractions which had been 
weakened to one fourth of their previous height progressively increased until 
they exceeded the norm by about 30 per cent (fig. 2). 

Since atropine acts by paralyzing vagal action, these results are consistent 
with the interpretation that at this embiyonic stage inhibitoiy function of the 
vagus is already demonstrable on the sinus rate (slight), on conduction and on 
the strength of atrial contraction, but the inhibition is slight indeed compared 
with that which the authors have obtained by the same method when applied 
to adult atria of several mammalian forms. In the adult heart inhibition results 
from extreme dilutions of acetylcholine, e.g., one part in 300 million. There is 
practically no latency and the weakening of the contractions is profound. 
Nerve cells and fibers were abundant in the atrial preparation of our embryo, yet 
the cholinergic inhibitoiy responses Avere feeble and their character and course 
Avas such as to suggest the possibility that at this early embryonic stage the 
inhibitory neiwes function AA'eakly and that their full functional potentialities 
are acquired only at a later stage of deA'^elopment. Such a delay in the develop- 
ment of its inhibitory action bj'' the A'^agus of the chick has been reported by 
Pickering (3), and Barcroft found that A'^agal inhibition of the heart of the foetal 
lamb could be demonstrated only after the 88th day of gestation (cf. Barclay, 
Franklin and Prichard, 4). 

' In tests made for us by Dr. Charles E. King it Avas found that the intestinal 
muscles of this embiyo responded promptly and vigorously to acetylcholine. 
The functional responses of the gastrointestinal tract AA^ere deA^eloped at this 
stage far in excess of any demonstrable in our cardiac tests. 

Temperature reactions. The incidental obseiwations on the effects of tempera- 
ture referred to above AA^ere extended to include the entire gamut from 3° C. to 
40° C., thus adding a record of the reactions of a human embryo of a specific age 
to the Amluminous literature in this general field of temperature effects. 

The sino-atrial preparation beat most vigorously at a temperature betAA'een 
25° and 30°C. When cooled to 20° and then to beloAV 15°, the preparation main- 
tained vigorous beats at progressively sloAA'er rates. At 10° the atrial contrac- 
tions suddenly ceased, although effective responses AA^ere elicited by electrical 
stimuli even at 3°C. These results suggest that temperatures beloAV 10° acted 
primarily by blocking sino-atrial conduction, an interpretation Avhich was 
further supported by the fact that upon AA^arming the preparation to 12° the 
atrial contractions reappeared suddenly AAuth full vigor and AAdth complete 
regularity, as if block had suddenly ceased. Such a result calls for tests for 
impulse formation in the sinus AA'hile the atrium is at rest beloAV 10°C., tests 
AAfiiich AA^ere not feasible during our experiments. 

A graph in AAfirich rate of beat is plotted against temperature is sIioaati in 
figure 3. It shoAvs the sIoav rate at Ioav temperature, deAuating little from a 
straight line betAA'een 20° and 35°. BeloAV 20° there is a definite deflection, 
giAung the loAA'er part of the AA'ell-knoAATi S-shaped curA'^e so characteristic of the 
action of temperature on rh5dhmic processes. Temperature coefficient, cal- 
culated from the data of the graph, Avas greater than fiA'^e for the ten degrees 
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change in rate between 10° and 20°, while between 30° and 40° it was only 1.6. 
For the rectilinear portion of the graph the rate varied about seven beats for 
each centigrade degree. 

At the normal body temperature of 37°C. this isolated embiyonic heart beat 
at the rate of 157 per minute, which may be considered the fundamental pace- 
maker rate of the preparation. It is not Avithout interest to note that the average 
mid-foetal heart rate is given as 156 per minute (Windle, 5) and that this intrinsic 



Fig. 3. Heart rates ^ordinates) are plotted against temperatures {abscissae). Solid 
dots represent rates of the sinus-atrium. The three circles indicate ventricular rates. 

rate progressively slows to the time of birth, due presumably to the development 
of vagal tone during the later stages of foetal life and to its inhibitory impress 
which maintains the slov^er rate throughout life. With removal of vagal 
influences either by section of the nerves or by atropinization, as is tvell knovm, 
the release from tonic inhibition reestablishes the rapid rate Avhich approximates 
the fundamental rhythm of the embryonic heart prior to the development of 
vagal inhibitory tone. 

In the case of the beating ventricular preparation at 24° the rate ivas 17 per 
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minute as compared with a sino-atrial rate of 62, giving a ratio of one to 3.6. 
Observations were made at only two other temperatures; at 20° the ventricular 
rate was 12 while that of the atrium was 40 per minute and at 35° the ventricular 
rate was 39 per minute Avhile that of the atrium was 142 per minute. The ratios 
in the two instances Avere 3.3 and 3.6, respectwety. It Avould appear from these 
figures that the rhythmogenic characteristics of sino-atrium and A’-entricle include 
an intrinsic rate ratio not far from 3.5/1, that this relationship is established 
prior to the age of our embryo (13 AA’^eeks) and corresponds in general to the status 
loioAATi to exist in adult hearts. 


SUMMARY 

1. Isolated and previously chilled preparations of the atrium and of the 
A’^entricles of a 13-Aveeks human emblem* beat for hours at room tempeature in 
well oxygenated Ringer’s solution. 

2. Acetylchohne even in high concentration had no inhibiting effects on the 
ventricles. 

3. There AA’^as some inhibitory action of acetylcholine on the sinus-atrium. 
The effects Avere produced only by strong solutions and AA'ere delayed in their 
onset even one or tAvo minutes. Profound inhibition, such as the authors haA'^e 
seen Avith other postpartum mammalian hearts, did not occur. 

4. The results suggest that the full inhibitory function of cardiac nerves is a 
later foetal development. 

5. The isolated sino-atrial preparation beat at all temperatures betAveen 10°C. 
and 40°. The intrinsic sinus rate at 37°C. was 157 per minute. The ratio of 
this rate to the slower idioventricular rate was about 3.5/1. These rates ap- 
proximate those of the adult heart when free of nervous regulation and indicate 
that the rhythmicity ‘pattern’ of the heart is established early in embrj’-onic life. 

We are indebted to Dr. Mary E. Gray for the histological examination of this heart, 
prepared with Hanson’s pyridine silver stain. We summarize her findings as follows: 
Many large nerve trunks following blood vessels in both auricles and ventricles. Many 
fine nerve branches among the muscle cells of the entire heart. Numerous ganglion cells 
in the subepicardial connective tissue of the auricles only. No ganglion cells were found 
in the ventricles. 
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In studies of the hypothermic state, observations have been made upon the 
capacity for recovery following rather drastic reduction of body temperature, 
and certain points of interest are incorporated in the present report. It is 
noteworthy particularly in view of the degree of cooling which can be sustained 
under certain conditions Avith the sequel of a complete recovery. 

METHODS 

Dogs of an unselected but generally healthy stock Avere used. The procedure 
folloAved consisted simply in submerging the undepilated® and lightly anesthetized 
preparation to the neck in a bath of iced water; immersion Avas continued until 
a crisis, respiratory or cardiac, supervened. In some instances, folloAving par- 
tial rewarming, animals AA'^ere subjected to re-immersion. While recourse to 
anesthetics in this type of experiment is difficult of defense on a strictly physio- 
logical basis (1) it proved desirable from certain standpoints to induce an initial 
narcosis sufficient at least to offset the intense psychomotor disturbances other- 
Avise incurred by abrupt immersion in a chilled bath. Moreover, light anesthesia 
afforded an initial facilitation of reduction in temperature Avhich is otherAvise 
very difficult to achieve (2). Accordingly, an anesthetic agent of short-acting 
nature was used — either pentothal sodium per venam in sedative dosage, pen- 
tothal supplemented Avith ether, or ether alone, AvithdraAAm as soon as feasible. 
In the final experiments cyclopropane AA-as employed, and proved most satis- 
factory of aU. During inamersion (bath temperatures ranging from 2° to 9°C) 
records were kept of pulse, respiration, deep rectal temperature (4-6 cm.) and, 
occasionally, deep visceral and muscle temperature. Periodic electrocardiograms 
were recorded. 

The immersion period ranged from 67 to 193 minutes (avg. 165) ; sudden col- 
lapse of pulse or of respiration signalled the institution of rewarming measures. 
Artificial respiration Avas occasionally required. ReAA’-arming was carried out 
routinely by immersion in water at 42° to 45°C. 


* This work carried out under Contract W33-03S ac 14757 with the Aeromedical Lab- - 
oratory, Air Materiel Command, A.A.P., Wright Field, Dayton, Ohio. 

" Now in the Department of Pharmacology. 

® A series of trials failed to demonstrate an appreciable influence of depilation upon rate 
of cooling. This is in agreement with an observation by Spealman (2). 
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RESULTS 

Thirteen animals sustained reduction in rectal temperatures to an average of 
14.9°C. (range 11.7° to 16.8°C.). These are listed in table 1. Eecovery in each 


TABLE 1. Summary of cases surviving acute hypothermia 


ANIilAL NO. 

LOWEST RECTAL T°C. 

REilARKS 

1 

16.4 

Pulse 28, irregular; resp. 12, shallow. Hot water 
immersion; rapid recovery 

2 

15.0 

1 

Pulse and resp. ceased; artificial resp. and massage, 
resp. and pulse resumed in 5 min. Recovery. 
Shivering at 29° 

3 

15.2 

No P wave in EKG. Hot water; shivering at 23.8; 
good recovery 

4 

13.0 

Pulse 18, resp. 6, irregular. Rapid rewarming; 
shivering at 17°, pulse 72. Recoverj'- 

5 

15.0 

1 

1 

, 1 

Pulse 18-20; irregular; rewarming; movements and 
whimpering at 24°. Rapid recovery. 

6 

16.0 

Pulse 32, weak, irregular; artificial resp.; rewarming 
with immediate response; shivering at 20° 

7 

15.0 

Pulse 2-3; resp. 4, shallow; rewarming, pulse rose 
to 20 before rectal t° responded; shivering at 26° 

8 

14.8 

Pulse 24, irregular, resp. 6; rewarming; shivering 
at 15°. Rapid recovery. 

9 

15.0 

Resp. 3, pulse impalpable; rewarming; at 24° volun- 
tary movements. Good recovery. 

10 

14.2 

Pulse 30, irregular; rewarming; shivering at 18.8; 
pulse 100. Recovery. 

11 

15.6 

1 

Pulse 32, resp. 8; rapid recovery on rewarming 

12 

11.7 

Cyclopropane anesthesia; rewarming; knee jerk -f-* 
rectal t° 17° 

13 

16.8 

Pulse 16, irregular; spontaneous rewarming; rectal 
t° 20° in 120 minutes, pulse 58. Good recoverj’’ 


instance was complete, and the animals were returned to quarters within two 
hours of the immersion period, apparently little the worse for the experience. 
In two animals the rectal temperature was reduced to 15°C. or below on two 
occasions with an interlude of one week. 
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Shivering appeared to exert no marked influence upon the rate of temperature 
fall, which was essentially linear (figs. 1, 2, 3). In the downward course, shiver- 
ing began variously at rectal temperatures of 30° to 35.8°C.; during rewarming 
its onset occurred over a wide spread — ^i-anging from 15°C. in one instance (Expt. 
8) to 29°C. (Expt. 2). It varied widely in intensity and did not seem signifi- 
cantly to accelerate recovery. 

Skeletal muscle tonus, greatly exaggerated during the cooling process, was not 
detectable below rectal temperatures of 20° to 18°C. and the intense rigidity 
characteristic of the cooling animal was succeeded by a flaccid state, in agreement 
with the observations of Crismon (3). In the rewarming process, tonus reap- 
peared within the same temperature range, with recovery of superficial reflexes. 

Eight animals failed to respond to warming, or succumbed before resuscitation 
measures were started. The cause of death in some cases appeared to be circula- 



Fig. 1. Expt. 12. 8.1 kgm. Cyclopropane anesthesia. Rewarming begun at 120 min- 
utes. Automatic recording of temperature in this and other figures. Carotid blood pres- 
sure by photoelectrokymographic registration. 

Fig. 2. Expt. 18. 10.1 kgm. Pentothal sodium anesthesia. Removed from bath at I . 
Exitus at -h. 

tory failure of cardiac origin. Associated with the marked degree of bradycardia 
which supervened as rectal temperatures fell below 20°C., engorgement of the 
heart and great veins was a consistent autopsy finding. 

The reliability- of rectal readings as an absolute index of mean body tempera- 
ture under conditions of immersion has, of course, been questioned (4) and it is 
to be expected that a deep-to-surface gradient exists. This is shown in the 
record of the hypothermia in one experiment which is incorporated in figure 1. 
The temperatures of three body regions (liver, rectum, thigh muscle) as obtained 
by thermocouple needles were recorded automatically^ It is seen, in general, 
that the liver retained the highest temperature during the cooling process with, 
in this case, a maximal liver-rectum gradient of 4.8°C. The graph illustrates as 
well the linear fall characteristic of mean blood pressure as the hypothermic state 

* ‘Speedomax’ recorder, Leeds & Northrup Company, Philadelphia. 
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progresses. This is true as well of the pulse rate. In figure 2 is depicted the 
decline in temperatures and in blood pressure in an experiment in which, despite 




Fig. 3. Aveeage of the reduction in temperatures in twelve experiments, for body 
regions as indicated. Average bath temperature 5.6°C. 

Fig. 4. Temperature records in freshly sacrificed animal (11 kgm.) placed in iced water 
bath, showing marked lag in ‘deep-to-surface’ temperature gradient in the absence of circu' 
lation. 


TABLE 2. Dog i^l4, female mongrel, 5.5 kgm.; ether anesthesia, 

ATROPINE 5 MGM. S. C. 


TIME 


RECTAL T" 

REM/\RKS 

0 min 

38.8 

Into bath at 4.5° 

15 

(( 

34.0 

Slight shivering 

35 

(( 

26.0 

Some muscular movements 

55 

(( 

19.0 

Respiration 50 

85 

(( 

16.8 

Pulse 22, irregular 

110 

ts 

15.0 

Removed from bath 

120 

Ci 

13.5 

Respiration 14, pulse 18 

135 

n 

12.5 

Respiration 6 

150 

ti 

11.5 

Rewarming begun: pulse 0., resp, 2 

153 

i c 

11.3 


164 

t( 

14.5 

Shivering begun 

167 

n 

18.0 

Respiration improving; knee jerk -f 

171 

tc 

18.2 

Respiratory gasps, followed bj’' apnea, pulse 
feeble. Artificial respiration. No recovery 


P .M. (173) min. Right auricle beating rhythmically; ventrical insensitive to irritation, 
enormously engorged. Lungs clear, viscera congested. No ascitic fluid. 


a slower rate of fall and a smaller liver-rectum gradient (maximum 2.9°C.), 
recovery was not effected; death supervened five minutes after the rewarming 
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was begun. The data of twelve experiments on comparative temperature read- 
ings are summarized in figure 3. 

One clearly defined instance of ‘rewarming death’ was recorded, an abbreviated 
protocol for which is given in table 2. At a rectal temperature of 11.5°C. the 
pulse, noted a moment previously at eight per minute, temporarily ceased to 
register on the EKG recorder. Rewarming with artificial respiration was begun; 
a pulse reappeared, and in eleven minutes the rectal temperature had risen to 
14.5°C., at which point shivering commenced. Seventeen minutes after re- 
warming was begun the rectal reading was 18°C., respiration 18, loiee jerk posi- 
tive. Twenty-one minutes after the start of resuscitation (rectal 18.2°C.) the 
animal began gasping, the pulse became feeble and erratic. Artificial respira- 
tion proved ineffective. This type of collapse has been noted (5, 6) and has been 
attributed to the overloading of the myocardium under conditions of hypoxia. 

Electrocardiographic responses to progressive cooling will be discussed else- 
where. It is of interest to note, however, the remarkable slowing to which the 
cardiac cycle may be subjected. Cycles, for example, of 1.8 seconds have been 
recorded, the beats separated by extremely long diastolic pauses, with pulse 
rates as low as six per minute. Neither section of the vagi in the neck, nor atro- 
pinization appear to influence appreciably the course of the cardiac cycle under 
conditions of cooling. This is in accord with the findings of Grosse-Broclclioff 
and Schoedel (7). 

DISCUSSION 

Observations upon reversibility of hypothermic changes have been reported 
by a number of investigators. Britton (8), in one of the more comprehensive 
of earlier papers, remarked that cats, anesthetized with a chloroform-ether mix- 
ture and cooled in an air-chamber, ‘may survive’ cooling to a deep rectal temper- 
ature of 16°C.; recovery occurred more conunonly if body temperature was not 
lowered below 20°C. Britton listed also the chronological reappearance of re- 
flexes and reactions during the spontaneous rewarming process. More recently 
Crismon (3) and Spealman (2) have contributed pertinent observations. The 
former reported that application of warm water was rapidly effective in restoring 
the dog, provided either a) the circulatory and respiratory depression had not 
progressed beyond a certain point or b) the duration of hypothermia was re- 
stricted within rather definite limits. The tolerable hypothermia was not so 
severe in degree as that reported here. However, pentobarbital sodium was 
used as a pre-immersion anesthetic agent; in our experiment this barbiturate 
curtails the ability of the annual to witlistand cold. In Crismon’s experiments, 
for example, dogs were revived from rectal temperature levels below 24°C. only 
if permitted below this level for less than 20 minutes. In the present experi- 
ments animals have survived reduction to 14'’, 15° and 16°C. rectal tempera- 
tures under circumstances in which the temperature was less than 24°C. for as 
much as 110 minutes (e.g., Expt. 10). 

The use of substances such as pentobarbital sodium places the animal, in 
effect, in ‘double jeopardy’, for upon the depression induced by the initial anes 
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tliesia is superimposed the narcosis of hypothermia, and the organism has there- 
fore the combined effects of the two to overcome. Pentothal sodium was used 
in our experiments on the assumption that as cooling progressed the effects were 
supplanted by, and not combined with, cold narcosis. Admittedly, the time 
required for the influence of pentothal to subside under cooling is conjectural; 
and estimates in this case may possibly be overly sanguine. However, animals 
administered cyclopropane behaved identically, and administration was re- 
quired only until a temperature of 27° to 25°C. had been reached; beyond this 
point, cold narcosis sufficed and there is at present no reason to believe that the 
transitory depressant effects of cyclopropane, even under conditions of cold, are 
not rapidly dissipated with the blowing off of the agent. 

Speahnan utilized animals without benefit of anesthesia and found it difficult 
to obtain a marked hypothermia. Large dogs (averaging 27.6 kgm.), for ex- 
ample, did not cool appreciably in baths at 20°C. (68°F.) or above; at 15°C. 
(59°F.) and below, cooling could occur, but in some animals a noimal tempera- 
ture level was maintained for at least five hours in a bath at 0°C. ‘Serious im- 
pairment’ was shown when rectal temperatures did decline to about 27°C. The 
linear fall in rectal temperature, as reported by Crismon (3) and in the present 
report was due, in all probability, to the influence of the initial anesthesia in 
vitiating the capacity to combat increased heat loss (1). It seems a fair surmise 
that if Speahnan’s conscious animals could have been cooled to the stage of cold 
narcosis, the rate of cooling from that point on would have been a linear one. 
Indeed, the anesthetized animal differs but little from the dead animal so far as 
rectal cooling (from an initial 37°C. or above) in a cold bath is concerned; two 
experiments in which freshly sacrificed animals were immersed in iced water re- 
vealed a linear rate of heat loss comparable in point of time to that which char- 
acterized the living, but anesthetized, preparation. An understandable lag oc- 
curred in decline in visceral temperature, in view of the absence of circulation 
(fig. 4). 

Species other than the dog have been examined as to viability under the stress , 
of sharply reduced environmental temperatures, and species differences, as usual, 
have been revealed. Simpson and Herring (9) observed that temperatures below 
16°C. (in air) were lethal for the cat, a finding confirmed by Britton in 1922. 
Hamilton (10) found that unanesthetized rats — Avhich cool appreciably even in 
water at 30°C., according to Speahnan — did not survive beloAv an internal tem- 
perature of 12°C. (54°F.); life was ‘precarious’ up to 16°C., indeed, and for 
survival the use of artificial respiration often was required. In cats and Idttens 
a colonic temperature of 75°F. (24°C) was reported as not critical but a reduction 
to 68°F. (1S.5°C.) was definitely inimical. Ware, Hill and Schultz (11) very 
recently reported that in their cold-chamber experiments, neAAffiom rats have re- 
covered from colonic temperatures of 5°C.®, 30-day old rats from 8°C., 60-day 
animals from 11°C. and 80-day old and up from 15°C. Two points of interest, 
especiaUjq appear in their report: straggling only momentarily retarded rate of 

’ Lutz (Zeitschr. f. Kreislaufiforsch. 36:625, 1944) reported recovery in the unanesthetized 
guinea pig from rectal temperatures of 3°C. by rapid warming in water at SO'C., with simul- 
taneous artificial respiration and electrical stimulation of the heart. 
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fall (room temperature 2° to 4°C.), and if respiration were impeded the fall was 
accelerated. Header and Marshall (12) cooled mice in a dry-ice chamber at an 
ambient temperature of - 10°C., with exposures of 25 and 65 minutes. Tem- 
perature decline was linear in character, and internal readings of 14.5°C., and as 
low as 8.5°C., were recorded. Some of the animals recovered spontaneously, 
othei*s required artificial heat. 

Ariel, Bishop and Warren (13) reported that rabbits (anesthetized) could with- 
stand reduction in iced bath to 20°C. with spontaneous recovery, provided the 
reduction was not too rapid, i.e. spanning not less than three to four hours. Re- 
duction of the temperature below 20°C. rapidly diminished the capacity for re- 
covery, although in some instances survivals occurred following depression to 
temperatures ranging from 17° to 10°C. Below 17°, however, additional heating 
usually was required; in the rewarming process, for example, of eight animals 
lowered to 10°C., four recovered with artificial heating, two recovered sponta- 
neously, and two died despite the application of external heat. 

The present report illustrates in a larger mammal the ability to withstand se- 
vere reductions in temperature, with recovery upon rapid rewarming and with 
no evident after-effects, and further illustrates the marked degree of bradycardia 
which can be tolerated. Moreover, loss of rigidity in the dog, under the con- 
ditions of the present experiments, is not the infallible index of irreversible cool- 
ing which it is reported to be in the human being (5), in which attempts at re- 
suscitation, initiated during the flaccid state, were uniformly unsuccessful. In 
our experience, complete recovery was achieved in every instance from a stage of 
hypothermia considerably below the point at which muscle tone’ and reflex 
patterns were completely lost. 

It seems probable that a severe hypoxia does not present a major problem to 
the hypothermic organism during the cooling process, in spite of an exaggerated 
A-V O 2 difference (5, 14) since under conditions of cooling one might reasonably 
anticipate a depression in the demand for oxygen. In favor of this is the obser- 
vation that the survival time of the brain following interruption of its arterial 
supply is reported to be increased by cooling (W. Noell, cited by Alexander, 5). 
This circumstance, of course, may not hold true during the recovery period. 

SUMMARY 

The ability of normal dogs to withstand and to recover from marked cooling 
has been studied. Lightl}'' anesthetized animals were submerged in iced water 
(2° to 9°C.) until a cardiac or respiratory crisis occurred. Resuscitation measures 
included rapid rewarming in water at 42° to 45°C., and artificial respiration as 
required. 

Thirteen animals survived a reduction in deep rectal temperature to an aver- 
age of 14.9 C. (range 11./° to 16.8°C.). Recovery in each instance was complete. 
In two animals the rectal temperature was reduced to 15°C. or below on two oc- 
casions. Shivering did not appear to play an important role in the rewarming 
process, it set in at widelj'’ variant stages of recovery and varied in degree- from 
mild to intense. 

In cooling, the fall in body temperature was linear, a characteristic which in 



232 


HANS O. HATEEIHS AND GEORGE L. JIAISON 


its early phase probablj’- was influenced by the pre-immersion anesthetic. The 
visceral-rectal temperature gradient became more pronounced as cooling pro- 
ceeded. Comparison is shown between rate of cooling of the living and the dead 
body. 

Decline in body temperature was accompanied by a progressive fall in arterial 
blood pressure and by a bradycardia which became intensified as temperatures 
fell below 20°C. The slow heart rate was uninfluenced by vagotomy or by 
atropinization. 

Eight animals failed to respond favorably, or expired before rewarming was 
begun. Death was clearly a matter of respiratory failure in some; in others, it 
was apparently attributable to heart block. In one preparation, in which the 
rectal temperature fell to 11.5°C., Tewarming death’ occurred at a rectal reading 
of 18.2°C. 
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The opportunity to obtain data on energy metabolism and water balance 
occurred during experiments designed to determine the influence of environmen- 
tal temperature on blood volume of men (1). It seems worthwhile to publish 
these results as a supplement to the growing and large, but probably still inade- 
quate, volume of available information on these subjects. In the field of energy 
metabolism, discussions center about whether the resting, fasting metabolism of 
men is greatly increased (in the absence of shivering) in the cold and decreased 
in the heat, and whether the relative proportion of calorigenic substances (carbo- 
hydrate, fat and protein) metabolized is in any way influenced by ambient tem- 
peratures. Some recent reports (2, 3) suggest that a small increase in human 
metabolism may be present after several days of exposure to cold. Such results 
are in accord with the delaj'^ed response to cold of animals (rats and rabbits) in 
which a large metabolic increase can be induced (4, 5), but the degree of metabolic 
stimulation reported for the human subjects seems to be considerably less than 
has been stated in earlier literature (see 6). The metabolic mixture preferentially 
selected and burned is popularly believed to be influenced by environmental 
temperature. The results of at least one laboratory experiment (7) support the 
belief that diets of liigher fat content are chosen b}"- men exposed to cold. On 
the other hand, it has been demonstrated recently that a high fat diet (consisting 
solely of pemmican) is not immediately acceptable to soldiers during maneuvers 
under subarctic conditions (8). 

Various conclusions have been reached with regard to environmental influence 
on water balance. Some investigators have been unable to demonstrate any con- 
sistent change in water reserves (7, 9, 10) as a result of altering environmental 
temperature, while in one study (11) exposure to heat seemed to lessen the water 
reserves. However, the belief persists (9) that the quantity of stored water is 
generally greater in warm than in cold environments. 

EXPERIMENTAL METHODS 

Resting, fasting metabolism was determined by collecting and analyzing ex- 
pired air of subjects who breathed outside air (Tissot method). Caloric intake 
was estimated from weights of the various articles of food, using charts of food 
composition (12) and the usually employed caloric values of the food elements. 

An approximate method for determining water balance, based upon the pro- 

1 This iavestigation was supported by a Life Insurance Medical Research Fund Grant 
to Professor H. C. Bazett. 
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cedure described by Wiley and Newburgh (13), was employed. Total water 
intake was considered to be the sum of water drunk as such, water present in food 
and water arising from combustion. Water drunk as such was determined by 
weigliing the Avater container of each individual at the beginning and end of the 
period. Water present in food Avas determined from AA'eights of food using charts 
of food composition. Only an average estimate for metabolic Avater could be 
made. This was taken to be the quantity of water formed in the oxidation of the 
average daily diet. One gram of fat, carbohydrate and protein Avas assumed to 
produce respectively, 1.07, 0.60, and 0.41 grams of AA’^ater. 

Total AA’^ater loss AA^as considered to equal insensible AA^ater loss plus AA^ater of 
urine and feces. Water in urine AA’^as determined by subtracting the AArnght of 
solids from AA^eight of urine. Weight of urinary solids AA'as calculated from deter- 
minations of the specific gravity using Long’s coefficient (14). Feces AA^ere as- 
sumed to contain 65 per cent Avater. Insensible AA’^ater loss was obtained by sub- 
tracting from insensible weight loss the AA'eight of carbon dioxide produced AA^ich 
is in excess of the AA^eight of oxygen utilized. Differences in AA^eights betAA'een 
carbon dioxide formed and oxygen utilized AA’^ere calculated by multiplying aver- 
age daily weight in grams of fat, carbohydrate and protein consumed by —0.06, 
-1-0.4, and -fO.OS, respectively. 

Changes in amount of body tissue are neglected in these calculations. Since 
we were interested in demonstrating relatively large and sudden changes in AA'ater 
balance, this is presumably an unimportant consideration in our study in Avhich 
caloric intake was fairly constant and approximately equal to caloric 
expenditure.^ 


OUTLINE OP EXPEEIMENT 

A detailed outline of the first tAAm experiments has already been published (1). 
Brief!}’', tAVO subjects, dressed in shorts, undershirts, and sandals, AA-ere studied in 
a controlled temperature room Avhere they stayed continuously for periods of 9 to 
14 days. In the first (summer) experiment, the room AA’as maintained uncom- 
fortably AA^arm (33°C. D. B., 28°C. W. B.) for a period of four days. This AA'as 
folloAA-ed by a six-day period of cold (21°C. D. B., 16°C. W. B.) and a final four- 
day period in AA^hich the original AA’arm conditions AA^ere reproduced. In the second 
(AA'inter) experiment a cold period of two days AA^as folloAA^ed by seven days in the 
heat. The temperature of the cold and waim periods in the second experiment 
corresponded closely AAuth those of the first. Wind A’elocity AA^as approximately 
50 cm. per second in all cases. Subjects AA’ere fed a mixed diet in unrestricted 
quantities. They AA-ere alloAA'ed complete freedom in requesting fnAmrite articles 
of food, though a nutritionall}’’ adequate diet AA’^as presented each day. In actual 
practice, the cook exerted considerable influence on food selection since subjects 

- Wiley and Newburgh (13) overfed a normal human subject to the extent of 1600-1S00 
calories per day for a period of 15 days. Careful water balance studies showed a total gain 
of water during this period of only 897 grams though most of this was gained during the 
first few days. In comparison with this subject, over- or underfeeding of our subjects 
must have been of minor degree. 
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often did not express preference. With the clothing worn (shorts and under- 
shirts) subjects were near the shivering point during exposure to cold and un- 
comfortably warm during exposure to heat. 

In a third experiment, four subjects were studied during several exposures of a 
single day to heat or cold. Each period began at 8 a.m. with subjects in the rest- 
ing, fasting state and was terminated at the same time on the following morning. 
The subjects. were then free for a day or two before another experimental period 
was begun. 


RESULTS AND DISCUSSION 

There is little evidence of any marked change in energy metabolism in the 
summer experiment (table 1). Elevated values for resting, fasting metabolism 
were recorded occasionally (in both cold and warm environments) following a few 
days of exposure to cold. (In subject Y there was only one value during this 
period which was above the range of values recorded up to that point.) The 
two-day period of cold in the ivinter experiment did not result in any very obvious 
trend in subsequent values for basal metabolism. Failure to stimulate metabo- 
lism in any great degree by the rather severe degree of exposure to cold supports 
the results of some of the more recent studies (2, 3) over those reported earlier 
(see 6). The discrepancy between our observations on men, and those made 
on animals (4, 5) in which a large (10 to 30 per cent) increase in basal metabo- 
lism is produced by a previous exposure to cold, may be due to the fact that 
the animals were subjected to a more severe degree of exposure. There is a 
suggestion in the present study and other recent studies (2, 3) that cold may 
cause a delayed stimulation of metabolism of man, as it does in animals. 

Daily caloric intake was for the most part quite constant in each experiment, 
and was not obviously influenced by the temperature of the environment.® 
However, it does not necessarily follow that daily energy output remained un- 
affected by environment, for the subjects were not in exact metabolic balance. 
The composition of the diets during the warm periods of the summer experiment 
were: fat, 35-38 per cent; carbohydrate, 41-45 per cent; protein, 19-21 per cent. 
During the cold periods diets tended to be lower in fat (30-35 per cent) and higher 
in carbohydrate (46-50 per cent) with protein remaining at 19-21 per cent. 
Somewhat similar results were obtained in the winter experiment, the diets in the 
cold containing less fat and more carbohydrate and protein than the diets in the 
heat. The winter experiment is less satisfactory than the summer experiment 
for analysis, because of the scarcity of data during cold exposure. However, in 
each case the variation in proportion of dietary fat with exposure temperature 
seems to be correlated with the amount of milk consumed, i.e., miUc was the 
article of diet which supplied the additional fat ingested in the heat. Milk con- 

3 An abrupt change in caloric intake occurred in subject R toward the end of the summer 
experiment when his caloric intake fell by 15-20 per cent and remained at this lower level 
until the termination of the experiment. However, this change occurred during exposure to 
cold and continued throughout the ensuing period of heat; it was probably caused by an 
unhappy turn of events which occurred in the subject’s personal affairs at about this time. ’ 
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sumed dviring periods of heat (both summer and winter) varied between 465 and 
1106 grams per day; during cold exposure, milk consumption varied between 232 

TABLE 1. Data on energy metabolism obtained during the sujimer experiment 

OP 1946 

Body ■weights in kgm. (wt.) were obtained at 10 p.m. (after urinating) using scales sensi- 
tive to a few grams. Basal metabolisms in Cal/mVhr. (BMR) and respiratory quotients 
(R.Q.) were determined at 8 a.m. by collecting expired air (Tissot). Total daily caloric 
intake expressed in units of 1000 large calories (Tot. Cal.) and daily caloric intake of fat 
(Cal. fat), carbohydrate (Cal. Cho.) and protein (Cal. Prot.) were estimated from weights 
of food using standard charts of food composition. Room temperature during the warm 
periods was 33°C., D. B., 2S°C., W. B.; during the cold periods, 21°C., D. B., 16°C., W. B. 
During the afternoon of the last daj' of each period, room temperature was changed; only 
observations completed before the temperature was changed are recorded. 


DATE 

SUBJ. 

R 

y 

Wt. 

BMR 

R.Q. 

Cal, 

fat. 

Cal. 

cho. 

Cal. 

prot. 

Tot. 

cal. 

Wt. 

BMR 

R.Q. 

Cal. 

fat 

Cal. 

cho. 

Cal. 

prot. 

Tot. 

cal. 

A. Warm 

15 

61.2 







52.8 







16 

61.2 



0.95 

1.31 

0.58 

2.84 

52.7 

37.6 

0.79 

0.70 

1.27 

0.58 

2.55 

17 

61.2 

39.0 

0.81 

1.04 

1.08 

0.43 

2.55 

52.6 



0.91 

0.83 

0.37 

2.11 

IS 

61.8 



0.87 

1.16 

0.53 

2.56 

52.7 

39.4 

0.80 

0.77 

0.91 

0.49 

2.17 

19 


38.7 

0.85 












Mean 

61.4 

38.9 

0.83 

0,95 

1.18 

0.51 

2.65 

52.7 

38.5 

0.80 

0.79 

1.00 

0.48 

*2.28 

B. Cold 

20 

61.2 



0.97 

1.10 

0.55 

2.62 

52.4 

38.1 

0.80 

0.67 

0.83 

0.48 

1.98 

21 

60.5 

39.7 

0.84 

1.03 

1.15 

0.40 

2.58 

51.9 



0.62 

0.95 

0.37 

1.94 

22 

61.1 



1.02 

1.36 

0.51 

2.89 

52.3 

39.1 

0.87 

0.75 

1.19 

0.39 

2.33 

23 

61.3 

41.1 

0.83 

0.91 

1.37 

0.56 

2.84 

52.3 



0.65 

1.07 

0.47 

2.19 

24 

60.8 



0.69 

1.09 

0.43 

2.21 

52.4 

36.8 

0.85 

0.56 

1,24 

0.48 

2.28 

25 


42.2 

0.84 












Mean 

61.0 

41.0 

0.84 

0.92 

1.21 

0.49 

2.63 

52.2 

38.0 

0.84 

0.65 

1.06 

0.44 

2.14 

C. Warm 

26 

61.2 



0.79 

0.84 

0.34 

1.97 

53.0 

42.6 

0.86 

0.91 

0.86 

0.31 

2.08 

27 

61.2 

40.6 

0.80 

0.93 

0.82 

0.49 

2.24 

53.9 



1.07 

1.08 

0.51 

2.66 

28 

60.9 



0.74 

1.09 

0.46 

2.29 

53.7 

38.4 

0.85 

0.55 

0.81 

0.57 

1.93 

29 


39.4 

0.83 












Mean 

61.1 

40.0 

0.82 

0.82 

0.92 

0.43 

2.17 

53.8 

40.5 

0.86 

0.84 

0.92 

0.46 

2.22 


and 334 grams per day. This •vi'as in part due to the fact that subjects preferred 
a cool drinlv (milk) in the heat and a warm drink (hot tea) in the cold. The 
necessity for ingesting large quantities of fluid in the heat was probably also a 
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factor in determining tire quantity of millc consumed. It is not believed that 
heat caused any specific ‘appetite’ for fat, and this is supported by the fact that 
butter consumption was, if any significant changes occurred, decreased in the 
heat. These results do not disprove the general belief, based upon dietary habits 
of natives living in cold regions'* and upon the results of other experiments (7), 
that diets high in fat are selected in cold environments. Since selection of diet 
at a given environmental temperature may be influenced by water contents of 
food available and by the temperature at wliich these foods are customarily 

TABLE 2. Data on energy metabolism obtained during the ivinter experiment 

OP 1946-47 

This table is prepared in the same manner as table 1. Room temperature during the 
warm period was 33°C., D. B., 28°C., W. B.; and 2rC., D. B., 15°C., W. B. during the cold 
period. 


DATE 

SUBJ. 

R 

Y 

Wt. 

BMR 

R.Q. 

Cal. 

fat 

Cal. 

cho. 

Cal. 

prot. 

Tot. 

cal. 

Wt. 

BMR 

R.Q. 

Cal. 

fat 

Cal. 

cho. 

Cal. 

prot. 

Tot. 

cal. 

A. Cold 

26 

59.5 







H 







27 

60.4 



0.64 

1.57 

0.44 

2.65 




0.79 

1.27 

0.60 

2.66 

28 


37.9 

0.84 





H 







Mean 

60.0 

37.9 

0.84 

0.64 

1.57 

0.44 

2.65 

51.2 

38.1 

0.79 

0.79 

1.27 

0.60 

2.66 

B. Warm 

29 

m 




1.35 


2.37 

52.8 

39.2 

0.81 

1.17 

1.34 

0.54 

3.05 


H 

36.4 

0.77 

1.03 

1.37 


2.83 

52.5 




1.11 

0.28 

2.20 

31 

62.5 




1.15 

1 





Qr i 

1.32 

0.39 

2.52 

1-1 


37.1 


0.72 

1.73 

iQI! 






1.29 

0.28 

2.11 

1-2 

63.0 



1.11 

1.46 

liK! 

3.12 

52.5 

37.5 

0.80 


1.10 

0.49 

2.41 

1-3 

62.6 

39.2 


1.16 

1.27 

0.39 

2.82 

52.9 



1.18 

1.12 

0.36 

2.66 

1-4 









37.7 






Mean . . . . 

62.4 

37.6 

0.84 

0.93 

1.39 

0.40 

2.71 

52.7 

38.8 

0.81 

0.89 

1.21 

0.39 

2.49 


served, it is not likely that human preferences for one or another of the calorigenic 
components of diet can be determined simply. A recent report on food selection 
of rats seems to demonstrate that carbohydrate is the variable element in dietary 
composition when caloric intake is altered by environmental temperature (15), 
but it cannot be assumed that these results on animals are applicable to man. 
Influence of environment on food selection is closely allied with the problem of 
altering the level of performance in environmental extremes by supplying diets of 

* It maj’- be noted that Greenland Eskimos are said to eat very little fat or blubber as 
such (18); however, certain parts of animals that are consumed, e.g., liver, are rich in fat. 
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different composition. Recent studies on human subjects indicate that per- 
formance in the cold is bettered by diets high in fat or carbohydrate over per- 
formance when diets high in protein are fed (16, 17). It may be noted that a 
smaller consumption of food energy (162 per cent of basal requirements) and a 

TABLE 3. Data on water balance obtained during the winter experiment of 

1946-^7 

Each period of water balance (B) covered the period from 10 p.m. one day to 10 p.m. the 
next. Water drunk (w) was determined by weighing water containers; water in food (f), 
from weights of food with the aid of charts of food composition; metabolic water (m), 
from daily food consumption (assuming metabolic balance). Water lost in urine (u) was 
determined from weights and specific gravities of urine, water in stools (s) was estimated 
from weights of stools; and insensible water losses (i) from insensible weight losses. All 
values are in grams. Room temperatures are given in table 2. On the days room tempera- 
ture was changed, the first set of figures cover the period up to the time (5 p.m.) the tem- 
perature controls were adjusted, and the second set of figures cover the period from 5 p.m. 
to 10 P.M. 


DATE 

SOBJ. 

R 

y 

Water intake 

Water loss 

B 

Water intake 

AVater loss 

I B 

w { 1 m 1 Tot. 

BUUBiSa 

HOHEl 

DDina 


A. Cold 


12-27 


2268' 

1 

348j 

2616 

888 



1758 

-1-858 

128 

1827 


2275 

1875 

56 

565 

2496 

-221 


B. Transition from cold to warm 


12-28 

0 

1245 

275 

1520 

886 

63 

605 

1554 

-34 

165 

1115 

253 

1533 

862 

0 

408 

1270 

+263 

12-28 

271 

685 

73 

1029 

115 

50 

295 

460 

+569 

935 

518 

67 

1520 

151 

211 

268 

630 

+890 









C. 

Warm 









12-28 

1719 

1571 

348 

3638 

665 

■ 

1947 

2612 


1851 

1954 


4125 

1155 

96 

2265 

3516 


12-30 

651 

resi 

348 


682 

247 

1948 

2877 

-15 

1812 

1374 


; ^ i 

1637 

98 


3768 

-262 

12-31 

1537 

if!' 

348 

3568 

753 

m 


2835 

+733 

1619 

1514 


! f [ 

715 

96 

2247 


+395 

1-1 

iKiira 

Ri! 

348 

3483 

1594 

95 

1888 

3577 

-94 

1424 

1364 


E ' 

HtMa 

84 

iKiw 


+156 

1-2 

1655 

1966 

348 

3969 


366 

vsm 

3326 

+643 


1628 


1 ' 

1571 

112 

2129 

3812 

-328 

1-3 



348 


1193 

185 

2111 

3489 

-231 

1433 



gl 

721 

137 

2149 


+396 






D 

. Transition from warm to cold 







IB 






68 

1759 

2701 

-642 

736 

921 

253 

1910 

696 

0 

1817 

2513 

-603 

1-4 

11 





325 

202 


— 

70 

686 

67 

823 

295 

129 

149 

573 

+278 


greater average weight loss (3.4 kgm.) occurred when diets high in protein Avere 
fed than occurred on. feeding diets high in carbohydrate (191 per cent and 2.1 
kgm. respectively). Relative undernourishment of subjects fed diets high in 
protein may have been partly responsible for differences in response to cold. A 
direct comparison betAveen diets high in fat and diets high in protein aa'hs not 
made. 
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Both subjects gained weight in the winter experiment (table 2) and this was 
associated with approximately an equal gain in water as judged by water balance 
studies (table 3). The close agreement may be fortuitous for the daily water 
balance is inaccurate because of error introduced by the assumption of metabolic 
balance. Summation of these errors over a period of many days may indicate 
a change in a certain direction in water balance whereas in reality the opposite 
may have occurred. The daily water balances indicate that water was retained 
in large quantities during the first 29 hours of exposure to heat (from 5 p.m. on 
12-28 to 10 P.M. on 12-29). Since the period from 5 to 10 p.m. on 12-28 is a period 
in which water normally seems to be stored (probably because of the evening 
meal), the significance of water retention during this time in our experiments may 
be doubtful. However there remains the fact that water retention of large 
magnitude occurred during the subsequent day. The quantities involved are too 

TABLE 4. Data on water balance obtained in several experiments op one-day 

DURATION (from 8 A.M. TO 8 A.M.) 

Water balances were obtained in the manner illustrated in table 3. Room temperature 
was 33°C., D. B., 29°C., W. B. in the warm periods and 21°C., D. B., 18°C,, W. B. in the 
cold. 


SUBJ. 


DATE 

A 

B 1 

D 

K 


Warm 

Cold 

Warm 

Cold 

Warm 

Cold 

Warm 

Cold 

7/21 

-t-674 


-403 






7/24 


-173 


-207 





7/26 

-f261 


-50 


-fl830 




7/31 

-1-174 


-t-408 


-f-772 


-1-224 


8/2 


-292 


-431 


-f362 


-429 

8/5 

-f513 


-279 


-f549 


-1 


Means 

-f406 

-233 

-162 

-319 

-1-788 

-f362 

-fll2 

-429 


great to result from formation of new tissue; and presumably the water ivas stored 
in extracellular spaces. A causal relationship between warming the environ- 
ment and increasing body water content is, of course, not established by this 
single study. Furthermore, the experiment was not suitably designed to demon- 
strate water loss on exposure to cold. In this particular experiment, the initial 
exposure to cold was complicated by a change in the general living condition of 
the subjects, i.e., subjects were not only exposed to a temperature change during 
the single day of cold for which data for water balance are available, but they 
also began living in the controlled temperature room. In the final cold period, 
data on water balance for onljr a fraction of a day were obtained. 

In the summer experiment body weights of both subjects decreased on exposure 
to cold and increased on exposure to heat. In one subject (R) transfer from cold 
to heat took place very soon after caloric intake of this subject dropped sharply, 
but even in tliis case average body weight during exposure to cold was less than 
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during either period of heat exposure. These changes in weight, for the most 
part, are presumably too large and abrupt to be caused by caloric imbalance, i.e., 
fonnation or destruction of body tissue. The data on water balance in this e.x- 
periment are not presented since records were not kept with suflBcient accuracy to 
be reliable. 

The water balance studies made during exposure for only one day to heat or 
cold (table 4) are also complicated by the change from home life to Hving in the 
controlled temperature room. On the aimrage, however, the influence of environ- 
mental temperature was apparent in each subject. Two subjects {A and K) 
exhibited a positive water balance during exposure to heat and a negative balance 
in the cold. Subject D gained water under both conditions but gained more in 
the heat and the remaining subject {B) lost water both in the heat and cold but 
on the average lost more in the cold. 

All considered, our results are fairly consistent in showing an effect of environ- 
mental temperature on water storage. Burton et al. (7) obtained equivocal evi- 
dence of similar changes in their experiments which were thought to be compli- 
cated by changes in amount of body tissue. Conley and Nickerson (10) found 
in two of four experiments a decrease in thiocyanate space on transferring subjects 
from heat to cold; in the other two experiments, and in two additional experi- 
ments in which subjects were transferred from cold to heat, a significant change 
in this fluid compartment was not found. Their error of measurement was esti- 
mated at three per cent, which would amount to about one-half liter in an indi- 
vidual of average size. Forbes et al. (11) found'an average decrease in interstitial 
fluid of 11 per cent in a group of ten individuals transferred from Massachusetts 
to Mississippi. However, the variation among individuals was from —34 to -}-26 
per cent. Apparently extraneous factors must have been present to account for 
such large fluctuations in water reserves. 

SUMJLiRY 

1. Studies of energy metabolism and water balance were made on two subjects 
living in a controlled temperature room. In one experiment, a warm period 
(33°C., D. B., 28°C., W. B.) of four days was followed by six days of cold (21°C., 
D. B., 16°C., W. B.) and a terminal period of four days of heat. A second experi- 
ment consisted of two days of cold followed by seven days of heat and a final brief 
period of cold. Four other subjects Avere studied in a series of experiments 
consisting of exposure for a single day to either heat or cold. 

2. Energy metabolism was not affected greatb'- by these environmental e.x- 
tremes as judged by records of caloric intake, dietaiy composition, basal metabo- 
lism and resting, fasting respirator}’- quotients. Values for basal metabolism in 
one experiment Avere on the average slightly higher following exposure to cold for 
a feAv daj’^s than they were prior to exposure, but the differences are small. Diets 
consumed in the heat contained somewhat more fat and less carbohydrate or 
protein than diets consumed in the cold. The increased millc consumption, which 
was responsible for the additional dietary fat in the heat, did not seem to be the 
result of any specific ‘appetite’ or ‘desire’ for fat. 
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3. Evidence for storage of water on changing from a cold to a warm environ- 
ment and loss of water under opposite circumstances was obtained from water 
balance studies and observations of body weight. The quantities of water in- 
volved ranged from a few hundred cubic centimeters to more than a liter. 
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The contribution made by outer garments of low air permeability to the overall 
insulative value of cold-weather garments and to the thermal balance and comfort 
of the wearer is imcertain, although no one doubts either the value or the necessity 
of an outer vdndproof layer. Since the increased heat losses which occur with 
wind arise primarily from air exchange within the clothing, the thicker and the 
more permeable the imder garments, the greater is the necessity for a good vond- 
proof. It has been suggested that the degree of vdndproofing required depends 
upon the relative permeability of the xmderlying layers. If the layer most im- 
mediate to the windproof outer garment offers some resistance to air movement, 
the increased heat loss by convection and air exchange with wind is consequently 
diminished. This can be illustrated bj'’ comparing thermal experiences under the 
two conditions of use of the alpaca-mohair pile gaiment of the Ai-ctic issue. If 
the pile is placed outside, next to the vindproof gaiment, greater heat losses occur 
vdth vdnd than when the bacldng of the pile is worn adjacent to the outer gar- 
ment. 

Troops, especially mechanized units, operating in regions of extreme cold are 
faced vdth the problem of both cold and wind. Siple’s (1) data on ^vind chill and 
the reports of Horvath et al. (2) on men exposed to cold without wind could not be 
extended to these conditions. Since the data available were inadequate to de- 
teimme either the degree of stress or the type of response that would occur in men 
exposed to cold and air movement, studies were conducted on soldiers seated 
quietly in environments where both temperature and wind velocit 3 ’’ were con- 
trolled. 


METHODS 

These experiments were conducted in the laboratoiy cold room for the most 
part at an environmental temperature of — 23°C. Other temperatures employed 
were —17° and — 36°C. Previous experience with the Arctic issue had demon- 
strated that at — 17°C. vithout air movement men could sit quietly in relative 
comfort for periods of four to five hours. However, exposure at an ambient tem- 
perature of — 17°C. would necessitate rather long experimental periods and other 
factors such as hunger, boredom, etc. might become deciding elements. It was 
also knoum that the Arctic issue offered adequate protection for two to tlmee hours 
at — 29°C. Therefore, it was felt that an intermediate temperature of — 23°C. 
would enable differences to be detected without any of the disadvantages of the 
lower or higher temperatures. 

* This data was obtained while the author was at the Armored Medical Research Labora- 
tory, Fort Knox, Ky. 
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A tunnel 18 feet long, 7 feet high, and 5 feet wde was constructed in the cold 
room. Six fans were so placed that when air was draivn through the tunnel 
turbulence was minimal. , The tests were conducted at three wind velocities: 0/' 
5, and 9.6 mph. By placing two subjects on tables, four men could be exposed 
simultaneously to an uninterrapted air stream. In all of the tests a copper cyl- 
inder, ivrapped in the four layers of the complete Arctic issue, was suspended from 
the roof of the tunnel in the midst of the subjects, and the rate of cooling of the 
contained water was measured.^ This physical method, employed as a measm-e 
of environmental stress, indicated that constant conditions were maintained dur- 
ing the experiments. 

Ten representative subjects were selected from a group of 50 men whose sub- 
jective responses to cold had been previously determined. Originally, of the five 
subjects selected for detailed study, tliree were classified as resistant and two as 
susceptible to cold. Unfortunately, considerable difficulty was experienced in 
outfitting the men, so that four men who had been tentatively classified suscepti- 
ble and only one resistant were finally employed. During the progi-ess of the test, 
however, it became evident that this classification of relative resistance was rm- 
certain and was subject in the majority of cases to considerable daily variation, 
so that the failure to have equality at the outset in number of ‘resistants’ and 
susceptibles’ was not veiy important. 

A standardized procedure was followed prior to each day’s test. The men ar- 
rived at 0645 hours, ate a standard breakfast, and then rested until thej^ dressed 
for the test which began at 0830 hours. Tests were conducted both morning and 
afternoon but only those data obtained during the morning experiments are pre- 
sented here, since the subjects’ reactions differed somewhat from morning to af- 
ternoon. 

Skin temperatures were obtained on chest, upper ann, thigh, calf, and dorsal 
surface of the foot of each of the four subjects in the tunnel. In some cases ten 
copper constantan thermocouples were worn. Continuous measurements of oxy- 
gen consumption were made on two of the sulijects, one Avith an open-circuit and 
the other with a closed-circuit apparatus. Rectal temperatures were obtained by 
clinical thermometers. The clothing worn by the subjects is listed below.^ A 
complete set of tests on all subjects in each of the windbreaks was impossible. 
Nevertheless, a sufficient number of tests was made on all three of these clothing 
items, Avith at least two subjects wearing each of the items, so that general con- 
clusions may be drawn. 

= This device was suggested by Dr. Theodore Hatch. 

’ Standard Arctic clothing worn by subjects consisted of the following: drawers, wool, 
50/50; undershirts, wool, 50/50; shirt, flannel, O.D.; trousers, field, wool, O.D.; trousers, 
field, pile; trousers, field, cotton, O.D. (sateen, 9 oz.) windproof; parka, field, cotton, O.D. 
(sateen, 9 oz.) vdndproof; parka, pile; shoe, Arctic, felt; socks, wool, ski (2 pairs); socks, 
wool, cushion sole (1 pair); mittens, insert, trigger finger M-1943; mittens, shell, trigger 
finger M-1943; mufflers, wool; and wristlets, knit. 

Three types of windbreak materials for the outer garments were used : a) nylon-air per- 
meability of 0 cu. ft/sq. ft/min.; h) sateen, 9 oz.— air permeability of 5 cu. ft/sq. ft/min. 
(this is identical to the material used in the control parka and trousers); and c) herringbone 
twill-air permeability of 20 cu. ft/sq. ft/min. 
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EESXTLTS AND DISCUSSION 

Effect of wind upon insulation. Data on tlie insulative value of the standard 
Ai'ctic clothing, the sateen outer garments having an air permeability of 5 cu. 
ft'/sq. ft/min., are presented in table 1. Hourly Clo values, detennined by the 
standard procedure (3, 4) are presented in the table together with the average Clo 
values for the second and third hours. The Clo values as determined from the 
third-hour metabolic rate and the predicted equilibrium temperature, 0e, are also 


TAI3LE 1. Insulatito value of the stand^vrd arctic clothing in relation to wind 

VELOCITV 


■ i 1* ‘l » 




INSULATION 


SUBJECT 

WIND \T.LOCITY 

Clo Units, by standard method 

Clo Units 



First 

hour 

Second 

hour 

Third 

hour 

Average of 2nd 
and 3rd hours 

by de 

GO 

mph. 

0 

3.1 

3.4 


3.4 

5.2 


5 

4.3 

3.9 

5.5 

4.7 

5.0 


9.6 

2.7 

3.1 

4.1 

3.6 

4.0 

HE 

0 

3.5 

5.7 

3.8 

4.7 

5.3 


5 

2.9 

4.3 

3.2 

3.8 

4.5 


9.6 

2.7 

3.8 

2.8 

3.3 

3.7 

GR 

0 

4.1 

4.3 

5.1 

4.7 

4.9 


5 

3.6 

4.2 

4.4 

4.3 

4.2 


9.6 

3.3 

3.5 

2.8 

3.2 

3.7 

VA 

0 

3.8 

5.0 

4.8 

4.9 

5.0 


5 

3.2 

5.0 

3.8 

4.4 

5.2 

i 

9.6 

3.5 

4.5 

4.3 

4.4 

5.5 

BA 

0 

2.5 

4.3 

3.0 

3.7 

3.9 


5 

2.3 

4.8 

4.2 

4.5 

4.1 


9.6 

5.2 

2.9 

3.7 

3.3 

4.1 

Average for all 

0 

3.5 

4.5 

4.2 

4.4 

4.9 

subjects 

5 

3.4 

4.4 

4.2 

4.3 

4.6 


9.6 

3.5 

3.5 

3.5 

3.5 

4.2 


given for the five subjects (5), All values are corrected for the insulation of the 
surrounding air. During the three-hour exposure, the apparent insulation of the 
Arctic issue was changing; it appeared to increase wdth time imder still-air condi- 
tions. This was true to a lesser extent at 5 mph. -wind. But with an air move- 
ment of 9.6 mph., there was, after the first hour, a fairly consistent decrease in in- 
sulative value ivitli increasing wind velocity. 

No material differences in the insulation afforded by the Arctic clothing modi- 
fied by substitution of outer garments having different air permeabilities were 
noted at zero wind velocities (table 2). When the ivind velocity was increased to 
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5.0 aad 9.6 Diph., the Clo values decreased in all cases except when the nylon 
outer garment was worn. The high average insulation at 9.6 mph. in this case, 
however, resulted from an extreme value, 7.0, on one of the two subjects, while in 


TABLE 2. Insulative value of standabd arctic clothing in relation to the air 

PERSIEABILITV OF THE OUTER GARMENT LAYER 


(Average values from two to six subjects in Clo units, calculated from 6c) 


ARCTIC CLOimKG IVITH OUTER GARMENTS OF THE 
FOLIOWING WINDPROOF MATERIALS 

Nyloni 

Sateen — 9 oz 

Herringbone 'twill 


WIND VELOCITY, MILES PER nOUR 


0 

S.0 

9.6 

6.3 

4.3 

5.8 

4.9 

4.6 

4.2 

5.4 

4.3 

3.6 


1 Two subjects. 


WINDBREAK -SATEEN 9 OZ. 

0 MPH 5.0 MPH 9.6 MPH 



WINDBREAK -HERRINGBONE TWILL 



DURATION OF EXPOSURE UNTIL ONSET OF STATED SENSATION, HOURS 

Fig. 1. Subjective reactions of Subject HE exposed at — 23°C. to varying wind veloci- 
ties while dressed in Arctic issue and different windbreaks. F = onset of pain in feet; H = 
onset of pain m hands; S = onset of shivering. Extension of line to 3 hrs. indicates no 
stated sensation during exposure. 

the other the insulation value was lower than at either 5.0 or 0 miles per hour. 
The greatest loss of insulation -with wind occurred with the herringbone twill 
wind-proof, the average Clo value dropping from 5.3 to 3.6. 

The decrease in the apparent insulative value of the clothing assembly with in- 
creasing air movement no doubt resulted from interference ivith the stabihty of 
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the bound air layer. Insulation of clothing is essentially determined by the thick- 
ness and stability of the air immobilized between fabric layers and within the 
fabrics themselves. There is a possible three-fold variation in the insulation from 
a completely static air layer to one \vithin which there is free convection. At 
high--wind velocities two factors may be operating to alter the iusulation: circula- 
tion vdthin the clothing and internal circulation plus air exchange with the out- 
side. Both may result in real increases in heat transfer. 

Effect of wind on body-cooling rate. The advantage of windproof garments is 
demonstrated by the mean skin temperature curves in figure 4. This subject VA, 
was exposed to — 17°C. for a period of five hours -with and vdthout air movement. 
The slightly greater decrease in the mean skin temperature at the 5 mph. vdnd 


WINDBREAK - SATEEN 

0 MPH 5 MPH 9,6 MPH 




DURATION OF EXPOSURE UNTIL ONSET OF STATED SENSATION; HOURS 

Fig. 2. Subjective beactions of Subject GR exposed at — 23‘’C. to varying wind veloci- 
ties while dressed in Arctic issue clothing modified by two different types of windproof gar- 
ments. For explanation see fig. 1. 

was evident from the very beginning. This initial rapid fall was stabilized 
quickly during the remainder of the experiment. In one of his repeat exposures 
to vdnd and cold, VA inadvertent^ made an 18-inch linear tear in the front of his 
parka. Since such events commonty occur, it was decided to continue the experi- 
ment. The mean skin temperature fell rapidty and continued to levels more com- 
monlj’- observed at much colder ambient temperatures. The subject complained 
verj’- earty about cold, discomfort and shivering. He was unable to continue for 
more than four hours. 

The data on mean skin and rectal temperatures are summarized in table 4. 
Neither the values of the cooling constant, K, the mean skin temperature at the 
end of the exposure period nor the predicted equilibrium temperature, exhib- 
ited great change vdth the type of outer garment being worn by these 
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men. However, slight trends in the average data relative to wind velocity were 
observed. The median values for the last mean skin temperature recorded were 
26.0°, 25.2° and 24.8°C. at wind velocities of 0.0, 5.0 and 9.6 mph., respec- 


0 MPH 


WINDBREAK - SATEEN 
5.0 MPH 


9.6 MPH 


0123 0 1230123 

DURATION or EXPOSURE UNTIL ONSET OF STATED SENSATION, HOURS 

Fig. 3. Subjective reactions of Subject VA exposed at — 23°C. to varying wind veloci- 
ties. For explanation see fig. 1. 



Fig. 4. Mean skin temperatures of Subject VA exposed to -17°C., illustrating the in- 
fluence of wind and loss of protection as a consequence of an 18-inch tear in the windproof 
parka. 

tively. The predicted equilibrium mean skin temperatures followed this same 
pattern but were approximately 1.2°C. lower. The median values for K the 
cooling constant, were 0.720, 0.755 and 0.835 for the three wind velocities. These 
differences are not significant. 
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The fall in rectal temperature was not appreciablj’’ affected by either the ambi- 
ent temperature or the wind velocit 3 ^ The principal effect of these environmen- 
tal conditions was reflected in the changes in mean skin temperatures. Although 
it appeared possible to generalize from these values .and obtain information re- 
garding equivalent emdronments such as have been developed for hot climates by 
Robinson et al. (6), it was felt best not to do so in view of the present state of our 
knowledge regarding exposure of men to cold. 

The alterations in metabolic rate with low ambient temperature, air movement 
and the relative permeability of the outer garments were significant. Table 3 


TABLE 3. Houblt metabolic kates^ in relation to wind velocity standard arctic 

CLOTHING 

(Averages for five subjects) 



0 urn 

5.0 urn 

9.6 in>n 

Cals/M’/hr. 

Per cent 
increase 

CalsAIVhr. 

Per cent 
increase 

CaU/3M=/hr. 

Per cent 
increase 

First hour 

3S.3 




39.4 


Second hour 

42.7 

11 


16 

63.6 

61 

Third hour 

1 

51.3 

1 

34 


54 

67. S 

73 


* Corrected for heat lost in warming inspired air and water evaporation from lungs. 


TABLE 4. Mean skin and rectal temperatures obtained during the sitting 
EXPOSURES TO VARIOUS ENVIRONMENTS AND WIND VELOCITIES 


ENVIR, 

TEMP, 

WIND 

VELOCITY 

DURATION 

OF 

EXPOSURE 

INITIAL 

SKIN 

TEitP. 

PINAL 

SKIN 

TEMP. 

A SKIN 
TEMP. 

INITIAL 

RECTAL 

TEMP. 

PINAL 

RECTAL 

TEMP. 

A RECTAL 
TEMP. 

°c. 

mph. 

hours 

"C. 

°c. 

°c. 

'C. 

“C. 

°c. 

-23 

0.0 

3 

33.0 

25.0 

-7.0 

37.3 

36.8 

-0.5 

-23 

6.0 

3 

33.1 • 

25.2 

-7.9 

37.4 

36.8 

-0.6 

-23 

9.6 

3 

32.4 

24.8 

-7.6 

37.3 

36.7 

-0.6 

-17 

0.0 

5 

33.1 

27.3 

-6.8 

37.3 

36.7 

-0.6 

-17 

5.0 

5 

32.6 

25.0 

-7.6 

37.3 

36.6 

-0.6 

-36 

0.0 

3 

33.3 

24.7 

-8.6 

37.4 

36.9 

-0.5 

1 


presents such data for the standard Arctic assembly with the total caloric output 
corrected for heat lost both in warming the inspired air and by evaporation of 
water from the lungs. The metabolic response of the subject under these experi- 
mental conditions wms approximately the same for the first hour at all wind veloci- 
ties. During the second and third hours, however, a marked stimulus for extra 
heat production was evident. The higher the wind velocity, the sooner was the 
stimulus to extra heat production developed and the greater the response. In 
this connection, it is noteworthy that, as a rule, the greatest changes in stored 
heat occurred during the first hour. Variable but generally much smaller de- 
mands on this heat supply were made during the next two hours. Neither the 
absolute amount nor the rate of the heat loss from storage appear to correlate with 
the stimulus to extra heat production. 
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Men di'essed in the nylon or sateen nondproof garments had similar metabolic 
responses to increased air movement and duration of exposure. The herringbone 
tndll garments offered less protection against wind, however, and the extra heat 
production of subjects dressed in these was greater than with the others, the 
hourly metabolic rates being 42, 93 and 85 Cal/]\I-/hr. 

Subjective respo 7 ises. The subjective responses of the men were significantly 
altered when they were exposed to cold and m'nd (fig. 1, 2, and 3). Subject HE, 
figure 1, was the most resistant subject in this stud 3 L 'i^ffien he wore adequate 
outer wdproof garments (sateen or njdon), HE did not become uncomfortable 
even at the highest wind velocity. In herringbone twill outers, however, he failed 
to maintain comfort at 5.0 mph., and at a nfind velocity of 9.6 mph., he was defi- 
nitely uncomfortable. For the less resistant subjects, the herringbone tnnll was 
equally inadequate at 5.0 mph. nand. In figure 2 are recorded the subjective 
sensations for Subject GR in the two best windproof outer garments, sateen and 
nylon. He remained relatively comfortable at zero wmd velocity, but with air 
movement his subjective sense of discomfort increased. GR appeared to be less 
comfortable when wearing the nylon than noth the sateen outer garment. This 
is in striking contrast to the subjective experiences of Subject HE as shonm in 
figure 1. 

Exposure of men to rapid air movements diminishes the time from initial ex- 
posure to the appearance of sensations of discomfort. Although general body 
comfort, as evidenced by onset of shivering, appears to be most readity influenced 
by wind, the onset of discomfort in the extremities does not lag very far behind. 
Shivering, continued for any length of time, is a distressing experience, fatiguing 
and distracting. Fine muscular control is almost impossible and concentration 
is difficult, one thought dominating — the desire for termination of shivering. 
Under such conditions, the general overall efficiency is impaired and the necessiti^ 
for adequate protection is quite clear. 

The author wishes to express his appreciation to the men who so willingly subjected 
themselves to the tests and to Mr. James Gregg, Sgt. H. Golden, my wife, Elizabeth, an,d 
Mrs. James M. Nelson for their technical assistance. 
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Although there have been numerous investigations of the effects of anoxia on 
fasting blood glucose levels, there is little data in the literature with regard to the 
effects of altitude on dextrose tolerance and insulin tolerance. Most investiga- 
tors have reported that anoxia causes hyperglycemia (1, 5, 6, 7 , 11, 13, 14, 15, 
17, 18, 19) although some have reported that anoxia has no effect on fasting blood 
sugar (8, 10), and some have reported that even h 3 ^poglycemia may result under 
certain conditions from anoxia (16, 21). Middlesworth, Edine and Britton (20) 
have recently demonstrated that blood sugar levels maj’' either rise, fall or remain 
unchanged under anoxia, depending upon the absorptive condition of the animal, 
length and degree of anoxic exposure and degree of acclimatization. 

There are also contradictor}'' reports in the literature regarding the effects of 
altitude on dextrose tolerance, which was found to be decreased (2), increased (8), 
and unchanged (3, 4, 16) . . D’Angelo (4) found a difference in the hypoglycemic 
component of the glucose tolerance curves between altitude and ground level, 
with the depression of blood sugar values below the pre-ingestion value being of 
greater magnitude and duration at ground level. This difference, however, could 
not be correlated with any difference in severity or duration of hypoglycemic 
attack. Reports on the effect of insulin on blood sugar levels under conditions 
of anoxia (10, 18, 19) are quite divergent as regards the incidence, type and 
severity of insulin convulsions observed, but they are in agreement on the fact 
that blood sugar levels obtained are no low'er than those following similar doses 
of insulin at atmospheric pressure. We have found no reports of de.xtrose toler- 
ance tests performed on unacclimatized animals immediately upon acute expo- 
sures to altitude anoxia, nor of standard insulin tolerance tests made under similar 
conditions. In the present study we have performed these tw'o types of 
experiments. 


METHODS 

The animals used in these experiments were three w'ell-trained male Dalmatian 
coach hounds, which w'ere litter mates of a carefully inbred, pedigreed strain. 

The dogs were loosely restrained in a supine position on animal boards. No 
anesthesia Avas used and all blood samples Avere obtained by external jugular 
puncture. The dogs AA'ere fasted for tAA'eDe hours prior to the tests. 

In all experiments conducted under reduced atmospheric pressure, a standard 
procedure Avas adhered to under AA’hich the dog AA'as restrained on the animal 

* Present address: Dept, of Pathology, University of Minnesota Medical School. 
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board in the altitude chamber and ascent to the desired altitude was accomplished 
at the rate of 2000 feet per minute. Within five minutes after arrival at the 
desired altitude the fasting blood sample was dravm. In order to mininaize the 
acclimatization factor, an interval of at least one week was maintained between 
successive exposures of any dog to altitude. 

For the intravenous dextrose tolerance tests, the test dose of dextrose used 
was 0.5 gram per Idlogram of body weight. Blood samples were dravm imme- 
V diately before and 30 minutes, one hour, 2 hours and 3 hours after the injection of 
the test dose. 

The ins ulin tolerance test was done as described by Fraser, Albright and 
Smith (9) with the exception that .2 unit of insulin and .02 cc. of 1 : 1000 adrenalin 
per Idlogram of body weight were used. Blood samples were dravm immediately 
before and 20 minutes, 30 minutes, 45 minutes, one hour, one hour and 30 min- 
utes, and 2 hours after the intravenous injection of insuhn. Immediately after 
the two-hour sample was dravm, the calculated amount of adrenalin was injected 
intramuscularly. Two more blood samples were then dravm at 45 and 60 min- 
utes after this injection. 

All blood sugar determinations were done by the Horvath and Eiiehr (12) 
method. 


RESULTS 

The results obtained with the dextrose tolerance tests at ground level-, 18,000 
feet and 24,000 feet are shown in table 1 and figure 1. Table 1 gives both the 
absolute blood sugar levels and the absolute changes from the initial (fasting) 
levels. The curves shown in figure 1 are plotted on the basis of the absolute 
changes in blood glucose level as compared to the initial (fasting) level, taken as 
zero. 

It wdll be noted from these data that there are definite alterations in form of 
the dextrose tolerance curves at altitudes of 18,000 and 24,000 feet, respectively, 
as compared to the baseline values done at ground leveP. Although these alter- 
ations are not strictly parallel quantitatively from dog to dog, they are quite 
similar qualitatively as regards the general trends of the cuiwes. For example, 
it is obvious from observation of these curves that all of the curves of the indi- 
vidual animals as -well as the mean curve for the group shoAV: 1) at 18,000 feet a 
30-minute value approximately one half as high as the corresponding value at 
ground level, but at 24,000 feet a 30-minute value approximately of the same 
magnitude as the corresponding value at ground level; 2) at 18,000 feet a slow^er 
rate of fall of blood glucose level, so that in spite of the low 30-minute values, the 
one-hour levels are in every case higher than the one-hour values at ground level 
and at 24,000 feet an even slower rate of fall during the corresponding period ; (in 
one case a marked rise in the blood sugar level appeared at one hour as compared 
to the 30-minute value) and 3) a failure of the glucose level to return to initial 
levels, e ither at 18,000 feet or at 24,000 feet in the three-hour period. 

= Ground level as used here means ‘ground level at Randolph Field, Texas, (apnroxi- 
mately 750 feet)’. . v i 
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Changes in insulin tolerance were not as marked as those in dextrose tolerance. 
Table 2 and figure 2 show the results of the insulin tolerance tests. It will be 
noted that the minimum levels of blood glucose obtained at altitudes of 18,000 
feet and 24,000 feet were approximately the same and were not as low as those 
obtained at ground level. Furthermore, the response to adrenalin in dogs no. 1 
and no. 2 was decidedly less marked at altitudes of 18,000 feet and 24,000 feet 
than at ground level. 

It is interesting to note that the fasting blood sugar values for blood taken 
approximately five minutes after arrival at altitudes of 18,000 feet and 24,000 
feet, respectively, are altogether comparable with the fasting values obtained at 
ground level. 


TABLE 1. Dextrose tolerance tests 


ALTITUDE 

TIME IN 
BBS. 

BLOOD GLUCOSE LEVEL 
(MGS. PER 100 CC.) 

BLOOD GLUCOSE LE\'EL 

(expressed as absolute change peou initial 
PASTING LEVXL) 

Dog 1 

Dog 2 

Dog 3 

Dog 1 

Dog 2 

Dog 3 

Average 

Ground 

0 

106 

120 

132 

0 

0 

0 

0 

level 

1 

; 2 

190 

212 

199 

84 

92 

67 

81 


1 

130 

135 

111 

24 

15 

-21 

6 


2 

112 

123 

128 

6 

3 

-4 

2 


3 

114 

128 

142 

8 

8 

10 

9 

18,000 ft. 

0 

125 

125 

122 

0 

0 

0 

0 


1 

2 

171 

168 

154 

46 

43 

32 

40 


1 

168 

143 

125 

43 

18 

3 

21 


2 

131 

145 

143 

6 

20 

21 

16 


3 

137 

144 

134 

12 

19 

12 

14 

24,000 ft. 

0 

139 

125 

122 

0 

0 

0 

0 


1 

2 

227 

199 . 

177 

88 

74 

55 

72 


1 

240 

160 

176 

101 

35 

54 

63 


2 

282 

155 

171 

143 

30 

51 

75 


3 

201 

149 

192 

62 

24 

70 

52 


DISCUSSION 

Although the data presented demonstrate considerable variation from animal 
to animal in response to altitude anoxia, certain trends are quite striking. These 
are 1) a decreased hyperglycemia responsiveness, more marked at 24,000 feet 
than at 18,000 feet, 2) an increased insulin resistance, 3) a decreased response to 
adrenalin and 4) a uniformly low 30-minute blood sugar level at 18,000 feet. 
Tliis latter finding is diflBcult to explain since it would indicate an increased hyper- 
glycemia responsiveness during the first 30 minutes follondng injection of dextrose 
in spite of a decreased hyperglycemia responsiveness in the remainder of the 
period studied. 

It is interesting to note that the fasting blood sugar values obtained approx- 
imately five minutes after arrival at simulated altitudes of 18,000 feet and 24,000 
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feet, respectively, are altogether comparable vhth the fasting levels obtain! 
these same animals at ground level. This strongly suggests that at this pon. 
exposure to reduced oxygen tension the sjunpatliico-adrenal activity is Uv 



Pig. 1. Mean dextrose tolerance curves on dogs 1, 2 and 3. 

demonstrably increased, and one must therefore be cautious in invoking this 
mechamsm to account for elevated blood sugar frequently noted under anoxic 
conditions. 

It is not surprising that the data presented in this paper differ somewhat from 
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observations previously reported (2, 8, 16, 3) since none of these other experi- 
ments was performed under strictly comparable conditions. Acclimatization to 
altitude or prolonged exposure previous to the tolerance studies might well lead 
to marked variations in response to these tests. In view of the obseiwations of 
Middlesworth, Kline and Britton (20) with respect to blood sugar levels rising, 


TABLE 2. Insulin tolerance tests 


ALTITUDE 

TIME 

BLOOD GLUCOSE LEVEL ■ 
(mgs. per 100 CC.) ' 

1 

BLOOD GLUCOSE LEVTL 
(expressed as ABSOLUTE CHANGE PROM 
INITIAL FASTING LEVEL, 

Dog 1 

Dog 2 

Dog 3 

Dog 1 

Dog 2 

Dog 3 

Average 

Ground level 

0 

126 

106 

113 

0 

0 

0 

0 


20 min. 

92 

71 

76 

-34 

-35 

-37 

-35 


30 min. 

97 

61 

90 

-29 

-45 

-23 

-32 


45 min. 

84 

80 ' 

88 

-42 

-26 

-25 

-31 


1 hr. 

108 

87 

133 

-18 

-19 

+21 

-5 


I 5 hrs. 

126 

82 

131 

0 

-24 

+19 

-2 


2 hrs. 

142 

99 

131 

-M6 

-7 

+19 

+9 


45 min. 

149 

122 

136 

-f23 

+16 

+24 

+21 


60 min. 

156 

125 

— 

-f30 

+19 

— 

+25 

18,000 ft. 

0 

125 

112 

126 

0 

0 

0 

0 


20 min. 

105 

87 

106 

-20 

-25 

-20 

-22 


30 min. 

104 

97 

118 

-21 

-15 

-8 

-15 

1 

45 min. 

100 

90 

106 

-25 

-22 

-20 

-22 


1 hr. 

136 

117 

108 

+11 

+5 

-18 

-1 


hrs. 

123 

117 

122 

-2 

+5 

-4 

0 


2 hrs. 

123 

114 

122 

-2 

+2 

-4 

-1 


45 min. 

138 

120 

126 

+13 

+8 

0 

+7 


60 min. 

127 

111 

122 

+2 

-1 

-4 

-1 

24,000 ft. 

0 

134 

102 

96 

0 

0 

0 

0 


20 min. 

98 

76 

84 

-36 

-26 

-12 

-25 


30 min. 

138 

86 

77 

+4 

-16 

-19 

-10 


45 min. 

132 

92 

95 

-2 

-10 

-1 

-4 


1 hr. 

132 

112 

— 

-2 

+10 

— 

+4 


hrs. 

127 

116 

Ill 

-7 

+14 

+15 

+7 


2 hrs. 

171 

126 

105 

+37 

+24 

+9 

+23 


45 min. 

143 

128 

112 

+9 

+26 

+16 

+17 


60 min. 

158 

120 

120 

+24 

+18 

+32 

+25 


falling or remaining unchanged under anoxic conditions depending upon absorp- 
tive condition of the animal, length and degree of anoxic exposure and degree of 
acclimatization, it would seem logical to assume that these factors would be 
important in determining the response to glucose and insulin tolerance tests. 

It is not the purpose of this study to assign the alterations obseiv'-ed in these 
tests to any single metabolic or hormonal factor. Several factors may be of 
importance in bringing about these changes. Although the relative importance 
of the roles played by these various factors cannot be stated at the present time. 
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the folloiving must be considered as possible etiologic factors; 1) insufficient 
oxygen available to supply the energj^ necessary for the proper functioning of 
the enzymatic systems involved in carbohydrate metabolism; 2) increased 
activity of the sympathico-adrenal system; and 3) increased adrenal cortical 
activity. The relative importance of these various mechanisms is under 
investigation at the present time. 



SUMMAKY 

Adult, male Dalmatian coach hounds were subjected to standard dextrose 
tolerance and insulin tolerance tests at ground level and at simulated altitudes 
of 18,000 feet and 24,000 feet. Differences in the responses to these tests were 
noted under the conditions of reduced barometric pressure. 

The tolerance of the animals for intravenously administered dextrose was 
affected adversely by exposure to simulated altitude. This was manifested by 
a prolonged elevation of the blood sugar levels and by their failure to return 
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to normal fasting values in a three-hour period. This effect was much more 
pronounced at 24,000 feet than at 18,000 feet. 

The insulin tolerance tests revealed a decreased insulin response in the animals 
exposed to simulated altitudes with no appreciable change in the time required 
for the return of the blood glucose level to the initial fasting level. The response 
to intramuscularly administered adrenalin was not as marked at the simulated 
altitudes as at ground level. 
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In previous reports it has been demonstrated that testosterone propionate (2) 
and many related steroids (3) produce a decrease in the ‘alkaline’ phosphatase 
of the Iddney of the mouse. This report is an extension of these studies to 
several other androgens and a determination of the sites at which these changes 
occur as determined b 5 '' the histochemical teclmic (4). 

PROCEDURE 

Male mice- of the Murray-Little dba strain were castrated under ether anes- 
thesia at 16.0-19.5 grams body weight; one month later pellets of the various 
steroids® were implanted subcutaneously (5, 6). The amount of steroid ab- 
sorbed was increased by implanting two or more pellets and decreased by pellets 
composed of mixtures of the steroid hormone and cholesterol in the desired 
proportions (6, 7), 

The food, Purina fox chow checkers (table 2) or Rocldand checkers (table 1), 
Avas removed from the mouse cages 18 to 20 hours before autopsy and the mice 
were killed by decapitation. The kidneys Avere removed, a 2 mm. slice AA'as 
cut transversely through the mid-section of one of the kidneys, A\''eighed and 
placed in 15 ml. of cold redistilled acetone for histo-'alkaline’ phosphatase de- 
termination (4, 8). The remainder Avas weighed, homogenized and the enzymes 
determined as preAuously described (3). 

RESULTS 

In vitro studies (table 1). Androstenedione during only 10 days of treatment 
was very effective in decreasing the ‘alkaline’ phosphatase of the lddne 3 ^ De- 
hydroiso-androsterone and iso-androsterone, eAmn though absorbed at a relatively 
high dose level, caused only a small increase in kidney size AAFich AA^as accom- 
panied by a small increase in the enzyme. Androsterone produced a small and 
androstanedione a moderate decrease in the amount of enzyme per gram of 
tissue. Neither of these latter tAA'o compounds, hoAA’’ever, AA'as as effectKe as 

* This investigation A\’as aided by grants from the Josiah Macy Jr. Poundation. Parts 
of these data have been reported in the Josiah Macy Jr. Foundation Conference on Meta- 
bolic Aspects of Convalescence, fifth meeting, 136, and a revieAA' (1). 

^ ® The mice were provided by Dr. S. B. Warner of the Biological Station, Springville 
New York. 

’ The steroids were provided by Ciba Pharmaceutical Products, Inc. 
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androstenedione which produced only a sUghtly greater increase in Iddney size 
but a much greater decrease in enzjune activity. 

IT-methylandrostanol-lTor, one-3 produced an effect on the enzyme similar 
to that previously obser^^ed (3) when very potent renotropliic steroids, e.g., 
17-methyl-testosterone, testosterone, etc. (cf. table 2) were used. At the lowest 
dose level, this compoimd produced an effect on the Iddney weight and enzyme 
comparable to that obtained ^vith androsterone. 

The 'acid’ phosphatase always increased (cf. 3) in amount at a rate equal to 
or shghtlj'’ greater than the increase in Iddnej’’ size (table 1). 

TABLE 1. Effect of steroid horaiones on the phosphatases of the kidney 

OF the castrated jiouse 






PHOSPHATASES 

KO. 

NO. 

STEROID 

KIDNEY 

Alkaline 

Acid 

incE 

PELtETS 

ab- 

sorbed 

WCT. 

Total 
per cent 

Per 

gram 

per 

cent 

Total 
per cent 

Per 

gram 

per 

cent 


10 daj's 


Androstenedione-3 , 17 

5 

2 

fngnt, 

6.8 

msm, 

\ 364 

-39 



-2 

30 days 

Dehydroisoandrosterone 

4 

4 

35.7 

314 

4-16 

4-6 

4-36 

4-16 

Isoandrosterone 

4 

4 

28.2 

330 

4-30 1 

4-12' 

4-361 

4-15 

Androsterone 

4 

4 

13.0 

348 

4-4 

-13 

4-29 

4-4 

Androstanedione-3, 17 

3 

4 

32.3 

343 

-15 

-28! 

1 

4-14 

-1 

17 -Methyl-androstanol -17 a , one-3 

3 1 

1:4= 

0.09 

341 

0 

-15 

4-11 

—7 


4 

1;P 

0.45 

476 

-16 

-49! 

4-93 

4-14 


4 

1 

1.6 

547 

-40 

-68 

4-97 

+2 


4 i 

2 i 

3.3 

566 

-36 

-68| 

4-118 

4-9 


1 Change from the average values of 4 castrated control mice : Kidne 3 ' weight = 2S4 
grams; ‘alkaline’ phosphatase, total units = 116, units/gram = 401; ‘acid’ phosphatase, 
total units = 28, units/gram = 9.9 (cf. 3). 

° Steroid : cholesterol composition of pellet. 

Histoch&mical studies.* The ‘allcaline’ phosphatase (black areas, fig. 1, 2, 3 
and 4) was present in the proximal convoluted tubule, the cells lining Bowman’s 
capsule and at the turn of Henle’s loop. It was specially dense along the brush 
border (cf. 4). After castration, the cells in the proximal convoluted tubule 
became smaller (cf. 9) and the enzjme more concentrated (fig. 1 and 2). As 
the kidney increased in size under steroid stimulation these cells became larger 
enz 3 Tne began to disappear in a definite pattern. The decrease was 

;^"“rell assisted in the determination and study of the experiments in table 1 
and JJr. V ictor Emmel assisted in the study of the experiments in table 2. 
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TABLE 2. Treatment and weight of mouse kidney studied for ‘alkaline’ 

PHOSPHATASE BY THE HISTOCHEMICAL TECHNIC* 


TREATifENT 

NO. MICE 

STEROID 

ABSORBED 

KIDNEY 



s 


mgm, 

264 

N ormal 

12 


414 

Testosterone 

4 

0.14 

389 

Testosterone 

4 

0.37 

417 

Testosterone 

4 

1.15 

505 

Testosterone 

7 

4.06 

469 

Testosterone ' 

1 

8.5 

477 

Testosterone 

3 

16.2 

541 

Testosterone propionate’ 

4 

0.20 

392 

Testosterone propionate’ 

4 

0.88 

458 

Testosterone propionate’ 

5 

2.33 

490 

Testosterone propionate’ 

1 

4.10 

446 

17-methyl testosterone’ 

4 

0.14 

415 

17-methyl testosterone’ 

4 

0.57 

424 

17-methyl testosterone’ 

4 

1.30 

466 

17 -methyl testosterone’ 

6 

4.26 

507 

17-methyl testosterone’ 

1 

8.10 

540 

17-methyl testosterone’ 

4 

14.40 

525 

17 -ethyl testosterone* 

2 

1 

1.75 

257 

Androstanol-17ci;, one-3 

5 

0.65 

424 

Androstanol-17a, one-3 

2 

6.4 

518 

Androstanol-17a, one-3 

4 

7.1 

505 

A^-Androstenedione-S, 17 

2 ! 

1 

19,7 

420 

Androstanediol-3a, 17a 

1 

3 

0.25 

383 

Androstanediol-3a, 17a 

1 

1.5 

470 

Androstanediol-3a, 17a 

4 

3.8 

472 

Androstanediol-3a, 17a 

4 

5.5 

464 

Androstanediol-3a,17a 

3 

5.9 

466 

Androstanediol-3a, 17a, acetate-3 1 

6 

2.3 

421 

Androstanediol-3a, 17a, acetate-3 

8 

3.0 

399 

Androstanediol-3/3, 17a 

1 

4 

2.0 

333 


* The results obtained by in vitro homogenate studies have been reported (3) . 
- Perandren. 

^ Metandren. 

•* Pregnenynolone, lutocylol. 






260 


CHARLES D. KOCHAKIAN 


TABLE 2 — Conlimied 


TREATMENT 

NO. MICE 

STEROID 

ABSORBED 

KIDNEY 

17-methvl androstanediol-So:, I7a 

4 

mgm. 

O.G 

mgm. 

459 

17-methvl androstanediol-Sa, 17a 

5 

3.2 

517 

17-methvl androstanediol-3a, 17a 

6 

5.5 

44S 

17-methvl androstanediol-3a, 17a 

5 

1 

G.9 

507 

17-methvl androstancdiol-3;3, Ka 

7 

l.S 

420 

17-methvl A5-androstencdiol-3;3, 17a 

4 

2.4 

347 

A6-pregnenol-3/3,one-20 

1 

4.6 

305 



Fig. 1. Kidney of a normad mouse. Kidney weight = 419 mgm.; ‘alkaline’ phos- 
phatase = 195 units/gram; A = 25X, B == 200X. 

Fig. 2. Kidney of a castrated hiouse. Kidney weight = 2S0 mgm.; ‘alkaline’ phos- 
phatase = 414 units/gram; A = 25X, B = 200X. 



KIDNEY PHOSPHATASE 


2G1 


progressive from the distal to glomerular end of the proximal convoluted tubule 
so that at maximal decrease in enzyme activity tubules of varying degrees of 
depletion were evident, e.g., testosterone (fig. 3) and 17-meth3dandrostanediol- 
3a, 17a (fig. 4). Furthermore, with depletion of enzymes from the distal end of 
the proximal convoluted tubule, the enz3'-me became slightly more concentrated 



Fig. 3. Kidney of a castrated mouse implanted for 30 days with a pellet of 1 :1 testos- 
terone and cholesterol. Kidnej’^ weight = 477 mgm.; ‘alkaline’ phosphatase = 52 units/ 
gram; A = 2.5X, B = 200X. 

Fig. 4. Kidney of .a castrated mou.se implanted for 30 days with 4 pellets of 17-methyl- 
androstanediol-3a:, 170:. Kidney weight = 482 mgm.; ‘alkaline’ phosphatase = 63 units/ 
gram; A = 25X, B = 200X. 

at the glomerular end. The ability of the steroids to produce these effects 
paralleled their renotrophic activities. 

The duodenum also was studied® but no noteworthy changes were observed. 

® A report on the observation of ‘alkaline’ phosphatase in the Golgi apparatus has been 
made (10). 
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DISCUSSION 

The results obtained with the use ol the steroids of this study not only confirm 
the previous results (1, 2, 3) but also indicate that in the veiy early stages of 
the increase in kidney size, there is a slight increase in the ‘alkaline’ phosphatase. 
When, however, the androgens stimulate the kidney weight to greater than about 
20 per cent, there is a progressive decrease in the enzyme which parallels the 
increase in kidney size. Furthermore, the initial increase in the ‘alkaline’ 
phosphatase is in agreement with the hitherto apparentlj’^ anomalous small 
increases of this enzyme noted in the kidneys of rats (8, unpublished), guinea 
pig (unpublished) and hamster (unpublished) for in these animals the androgens 
produce less than a 20 per cent increase in kidnej’’ size. 

The initial increase in the ‘alkaline’ phosphatase followed by a progressive 
decrease from the distal end of the proximal convoluted tubule toward the 
glomerulus with an increase in concentration near the glomerulus suggests that, 
if the enzjTne is involved in the reabosrption of certain materials (11), then these 
substances are not only filtered through the glomerulus in smaller and smaller 
quantities but also that they are being reabsorbed as rapidly as possible under 
androgen stimulation for presumably anabolic processes (12). 

SUMMARY 

The distribution of the ‘alkaline’ phosphatase of the kidney of the mouse 
has been studied after treatment with 18 different steroids many of which were 
studied at several dose levels. There was a progressive decrease in the enzjune 
from the distal end of the proximal convoluted tubule toward the glomerulus 
with a slight increase in concentration at the glomerular end. These changes 
paralleled the increase in kidney size under steroid stimulation so that at maxi- 
mum stimulation the kidney showed varying degrees of depletion of the enzyme 
in its nephrons. 
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Excessive intake of vitamin A reduces the secretion of thyrotropic hormone 
and also reduces the size of the thjn-oid and the metabolic rate (1-7). It is 
curious that excess vitamin A not only reduces the thyroid size but- it also reduces 
the metabolic rate of hj'perthyroid rats (7). If the reduction of the metabolic 
rate were brought about by th 3 '-roxine destruction, the lowered thyroxine level 
should increase the thjn-otropic hormone secretion and therebj'- increase the size 
of the thj’-roid; but the size of the thj’-roid has not increased but decreased. A 
possible explanation of this unexpected effect is that vitamin A, bj'- virtue of its 
double bonds, combines vdth the iodine of the thyroxine and this ^dtamin-iodine 
compound then behaves, in vitamin-antivitamin fashion, as thyroxine would in 
depressing thjn'otropic hormone secretion. As the combination was expected 
to be between vitamin A and iodine of the thyroxine, a similar effect might be 
expected to be produced bj^ feeding iodide together -with vitamin A, since iodide 
given orally is said to be oxidized in the bodj”- to iodine unless such reduemg agents 
as goitrogens are administered simultaneously (7a). 

In iodine deficiency the thyroxine synthesis is decreased and this resultant low 
thyroxine level stimulates the secretion of thyrotropic hormone, which enlarges 
the thyi-oid gland. Iodide fed to animals increases the protein-bound iodine in 
the pituitar 3 '-, which acts as thyroid hormone in inhibiting the formation of the 
thyrotropic hormone. This decrease in thyrotropic hormone leads to decreased 
activity of th 3 Toid and lowers the basal metabolic rate (8). This paper reports 
a study of the effect of feeding excess vitamin A together with iodide on the 
th3Totropic hoi-mone content in rats. 

EXPERIMENTAL 

Experiments were conducted with four groups of male albino rats; nine rats 
were placed in each group. One group served as control; the second group was 
fed 30,000 I. U. vitamin A daily in the form of percomorph oil; the third group, 
was fed one gram potassium iodide daily; the fourth group was fed the above 
amounts of both vitamin A and potassium iodide. After 18 days on these diets, 
the rats were sacrificed and their thyroids, adrenals and pituitaries weighed in a 
precision balance. The results are shown in table 1. 

The pituitaries were assayed for th 3 Totropic hormone on day-old chicks. 
Water suspensions of pituitaries were prepared by rubbing the gland in an agate 

^ India Government Scholar. 

-Present address: Department of Anatomy, Yale University Medical School, New 
Haven, Connecticut. 
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mortar and made up to volume vith distilled water, so that there were 10 mgm. 
of fresh pituitary tissue in one ml. of suspension. Five groups of day-old chicks 
were used; one group seiwed as control while the other four groups were injected 
vdth the pituitaiy suspension of the above four gi’oups of experimental rats for a 
period of four daj^s. The chicks were sacrificed on the fifth daj'’ of the experi- 
ment and their thyroids dissected out and weighed. The results are shovTi in 
table 2. 

The chick thyroids, prepared histologically, were stained with hematoxylin and 


TABLE 1. Effect of potassium iodide and vitamin a on the endocrine organs of 

THE rat 


! 

GROUP 1 

NO. OF 
RATS 

! 

I.NITfAL 1 
RODY 1 

WEIGHT j 

FINAL BODY 
WEIGHT 1 

CAIN IN 
WEIGHT 
PER DAY 

THYROID WT. 

PER 100 
CRAMS BODY 
WT. 

adrenal 
WT. PER 100 
CRAMS BODY 
\VZ. 

i PITUITARY 
WT. PER 100 
CRAMS BODY 
WT. 



^rams 

Zrams 


mgm. 

mgm. 

mgm. 

Control 

9 

89 

167 

• 4.3 

6.56 

mmM 

3.46 

Fed one gram KI daily . . 

9 

89 

150 

3.4 

5.89 

ItB 

3.69 

Fed 30,000 I.U. vita- 








min A daily 

9 

93 

139 

2.6 

4.74 

16.70 

4.22 

Fed vitamin A (30,000 








I.U.) and KI (1 gram) 







1 

daily 

9‘ 

86 

112 

1.4 

6.61 

18.44 

4.78 


' Three of the rats died during the experiment. 


TABLE 2. Assay of thyrotropic hormone by chick and histological methods 
(4 mgm. pituitary tissue injected) 


GROUP 1 

NO. or 
CHICKS 

BODY 

WEIGHT 

THYROID WT. 
PER 100 GRAMS ; 
BODY WT. 

HEIGHT or 
EPITHELIA 

! 



mgm. 

micro 

Control 

11 


5.99 

3.78 

Control rat pituitary group 

11 


11.23 

5.88 

Kl-fed rat pituitary group 

11 


10.91 

— 

Vitamin A-fed rat pituitary group . . . 
Vitamin A- and KI- fed rat pitu- 

11 


9.82 

5.04 

itary 

7 

47 

11.83 

5.78 


eosion. The diameters of the epithelia of the thyroid acini were measured and 
the results are presented in table 2. 

DISCUSSION 

Table 1 indicates that on the high vitamin A diet the daily gain in body weight 
is 2.6 gi-ams as contrasted to 4.3 grams in the control group and that the thyroid 
weight on the high Antamin A diet is significantly loiver and the adrenal weight 
significantly higher than on the control diet. The pituitary weight also in- 
creased, but the iodide-fed group shows a smaller thyroid weight than the con- 
trol group. This is probably due to the fact that iodide after in vivo oxidation to 
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iodine causes iodination of anterior pituitary tissue protein (8) or of proteins 
elsewhere, leading to the formation of thyroxine, which depresses the formation 
of thyrotropic hormone the anterior pituitary, and consequent decrease in 
thyroid size. There is no change in the size of adrenal -or pituitary. ‘N^'lien both 
vitamin A and potassium iodide are fed, the combination becomes rather toxic ; 
three of the nine rats died during the experimental period. Toxicity was not 
due, however, to iodism, as the same amount of iodide fed to other rats did not 
produce toxic s 3 ^mptoms. The toxic condition is also shonm by the increase in 
adrenal size, with no concomitant change in thyroid size. 

Both iodide and vitamin A have been found to lower the tlyu’otropic hormone 
secretion (table 2). The metabolic rate-lowering effect of vitamin A in normal 
rats can be explained by the thyrotropic-depressing effect of the assumed forma- 
tion of iodized vitamin A, as previously explained, but not in rats made h 3 ’-per- 
thyroid by injecting thyroxine. Therefore, vitamin A must act in the peripheral 
end organs by preventing the action of thyroxine on the enzyme systems on 
Avhich thyroxine acts. As vitamin A lowers the thyrotropic hormone content of 
the pituitary (table 2), it was assumed that the effect must be produced by the 
vitamin A-thyroxine compound which acts as thyroxine on the anterior pituitary. 
There is no direct evidence that such a compound is formed in the body. In 
vitro, however, there is spectroscopic evidence for such a combination ndth caro- 
tene and thyroxine (9, 10). As vitamin A retains most of the chemical properties 
and also the lyophobic characteristics of its parent chemical substance, carotene, 
it is expected that, like carotene, it ndll be iodinated at some of its double bonds. 
This may be made possible b 3 ’' feeding iodide when the iodide is oxidized into 
elementary iodine in the body. The toxicit 3 '’ of vitamin A in combination ndth 
iodide feeding also shows that vitamin A combines vdth iodine liberated in vivo 
from iodides. Thyroxine-iodine may similarly combine with vitamin A. But 
vdth potassium iodide feeding and, therefore, ndth in vivo liberation of elementary 
iodine, since vitamin A does not lower thyrotropic hoimone secretion by the 
anterior pituitary, it must be assumed that the effect oh the pituitaiy is exercised 
by vitamin A alone and not by the vitamin A-th 3 Toxine compound if such a 
compound is formed. It would appear that part of the vitamin A supplied 
neutralizes some of the metabolism-stimulating effect of th 3 ’’roxine while the 
remaining of the vitamin supplied, which is not combined with thyroxine, acts on 
the pituitary and lowers the thyrotropic hormone secretion. 

The results reported in this paper appear to be the specific effect of vitamin A 
and cannot be due simply to nonspecific toxicity as under toxic conditions; 
though the adrenal gland is enlarged, there is no evidence for a decrease in thyroid 
size. Again vitamin A depresses the hypermetabolism produced by injection of 
thyroxine, but not of dinitrophenols. Neither can the results be due to failure 
to gain body weight, for the difference between the groups is more than can be 
explained by a simple change in body weight. It ndll be noted in table 1 that as 
the body weight gain decreases progi-essively in the four gi’oups of rats, thyroid 
weight does not correspondingly decrease, but in the last gi-oup, -with the least 
body weight gain, the th 3 Toid weight is comparable to that of the control rats. 
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The way in which vitamin A lowers thyrotropic homione secretion (table 2) 
is not understood. It has been assumed that vitamin A may compete with 
thyroxine on the metabolic systems and thus lower the metabolic effect. But as 
there is no similarity between the chemical configurations of vitamin A and 
thyroxine, this assumption cannot be proved. 

From these experiments it is concluded that vitamin A reduces the thyroid 
size by depressing the secretion of thyrotropic hormone l^y acting directly on the 
anterior pituitary and not by forming an iodide compound. 

SUiAIAURV 

1. Vitamin A in large doses (30,000 I. U. per day per rat) decreases the thyroid 
size. This effect is apparently produced by lowering the secretion of thyrotropic 
hormone of the anterior pituitaiy. Excess vitamin A also increases the size of the 
adrenal gland. 

2. Potassium iodide slightly lowers the thyroid size and depresses the thyro- 
tropic secretion, or inactivates the thyrotropic honnone. 

3. Iodized vitamin A has no influence on thyroid size or on the thyrotropic 
secretion, confirming the conclusion that vitamin A lowers the tlyrotropic secre- 
tion directly and not by compound formation with thyroxine. 

4. Thyrotropic hormone has been assayed by the response in day-old chicks 
and confirmed histologicalty by measuring the height of epithelia in thyroid 
acini. 
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It is well established that acute injury of the body initiates a chain of reactions 
by which the anterior pituitary stimulates the adrenal cortex to secrete a hor- 
mone which in turn causes dissolution of lymphoc 3 d;es in lymphatic tissue, re- 
leasing protective substances, this constituting a defense reaction or adaptation 
S 3 mdrome. Consistent vdth the interesting hj^jotheses of Vogt (1) and of Long 
and Fry (2), it may be postulated that following acute bodily injuries, the pfompt 
response of the S3mipathetic nervous system in releasing epinephrine from the 
medulla is followed by the slower but more sustained activity of the cortex — a 
coordinated' process which gives meaning to the anatomic juxtaposition of 
cortex and medulla. In support of this concept, there may be gathered from the 
literature various data concerning separate phases of this series of reactions. It 
has been shovm that following injections of epinephrine in animals, the cortex 
hypertrophies (3); adrenal cortical secretion occurs (1); and the cortex loses its 
lipoids (2), which is now kno^^^l to be indicative of discharge of hormone. 
Selye (4, 5) has included epinephrine injections as one of the many damaging 
agents causing the ‘alarm reaction’ ■ndth resultant reduction in lymphatic tissue. 
However, adrenal demedullation does not prevent the fall in adrenal cholesterol 
after exposure to cold (6) and Long (7) states “the hypothesis that sympathetic 
stimulation (and release of epinephrine) is an essential link in the pituitary- 
adrenal cortex activation is at present not completely established.” It seems 
of interest, therefore, to learn more about the factors which start this response. 

Experiments were planned to see if repeated large doses of insulin, kno'wn to 
result in stimulation of the adrenal medulla through the sjunpathetic nervous 
system, would release enough endogenous epinephrine to reproduce the effect of 
injections of exogenous epinephrine on Ijmiphatic tissue. It is known that re- 
peated doses of insulin may cause enlargement of the adrenal cortex. The lit- 
erature on this subject has been reviewed (8), but data were not found on whether 
or not insulin injections caused shrinkage of lymphatic tissue. Latta and 
Henderson (9) in 1937 found that repeated insulin injections into rats caused 
transient reduction in numbers of lymphocytes in the blood, and hyperplasia of 
reticular cells and lymphocytes in l 3 mph nodes noth degenerated cells in lymph 
nodes, which in the light of our present knowledge we would attribute to adrenal 
cortical activit 5 ^ Weights of Emphatic tissues were not given and it was not 
suggested at the time that the destruction of Ijmphocjdes might be, not a direct 
action of insulin, but a result of a response provoked by insulin in other organs. 
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EXPEUIMBN'TS 

A group of nine rats were injected repeatedl 3 ’- with epinephrine to establish data 
as a standard of comparison for the effect of insulin. Thej’’ were injected two or 
tlu-ee times dailj^ with 1:1000 solution diluted so as to give individual doses 
varjung from 0.010 mgm. to 0.070 mgm. per 100 grams bodj-^ weight, over a period 
of tlrree to seven daj’s. Controls were nine rats either litter-mates of the same 
sex or rats of equal bodj'^ weight, either uninjected or injected vdth water to 
control the effect of trauma. 

Another group of 16 rats were given insulin injections, usuall}' in ascending 
doses, twice daihq varj'ing from 0.2 to 2.5 units per 100 grams bodj^ weight over 
periods of tlu-ee to seven daj's, in order to cause repeated severe h 3 q)ogl 3 ’’cemia. 
The 3 ’’ were not fasted except in some cases for two hours after the injection, but 
were allowed food so as to avoid the effect of inanition on the adrenal cortex and 
l 3 Tnphatic tissue. Controls were 16 rats, either litter-mates or rats of the same 
bod 3 ^ weight and same sex and the 3 '' were either not injected or injected with 
water. With ascending doses some of the rats were able to survive ver 3 ’- large 
doses, presumabl 3 ’’ as a result of adrenal cortical h 3 TJertroph 3 L This ma 3 '' be 
the explanation of the increased tolerance of the rabbit to huge doses of insulin 
described in pre\uous experiments (10). Wlien necessar 3 % glucose was given b 3 '^ 
mouth to reheve h 3 ’pogl 3 memia. Occasionalb’^ it was necessar 3 " to inject glucose 
intraperitonealty to save the life of the rat, and then the control rat was similarl 5 ’' 
injected. At appropiiate inteiwals the rats were either Idlled ^rith anesthetic 
or allowed to die of h 3 'pogl 3 ’’cemia. Tissues Avere Aveighed rapidl 3 ’’ to the nearest 
mgm. Some injected rats lost A\-eight, so the final bod 3 ’- weights varied slightb^ 
from the controls. 

As rats of different ages and sizes Avere used, there is gi-eat variation in the 
Aveights of the different organs (table 1). Each injected rat was paired A\nth a 
rat of similar bod 3 ’- Aveight, and the purpose Avas not to compare absolute AA'eights 
but to determine in the case of each pair AA’hether or not the injected rat shoAA’^ed 
alteration from the control. These alterations are expressed as percentage in- 
crease or decrease in table 1 and figm-e 1. It may be seen that A\dth feAV excep- 
tions the l3Tnphatic tissue shrinks as the result of the injections and the adrenals 
enlarge. Since much eAudence in the literature indicates that adrenal hyper- 
troph3’- and secretion is alAA'a3’'s accomplished b3’' wa3'' of the pituitar3’', the insulin 
and epinephrine injected were presumabW effective in stimulating the pituitary. 
In the instances in which adrenal weights Avere decreased, probabty the dosage 
had been so intense as to lead toAA'ard adrenal exliaustion AAuth consequent lessened 
slu-inkage of lymphatic tissue. 

An attempt was made to see .if adrenalectom3'’ AAmuld abolish the effect of in- 
sulin on hrmphatic tissue. Adienalectomized rats Avere kept in good condition 
by NaCl in the drinldng AA-ater. Two weeks or longer after operation they were 
injected A\dth repeated doses of insulin. Difficulties AA'ere encountered because 
of the well knowm fact that adienalectomized animals are extremely sensitwe 
to insulin. ManA* died in h 3 T 30 glycemia soon after receiAung minute doses of 
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TABLE 1. Comparison of injected rats with controls 



NO. 

OF 

RATS 

FINAL 

BODY 

WEIGHT, 

MEAN 

1 

THvmrs, 

MEAN 

mesenteric 

LYMPH 

NODES, 

MEAN 

ADRENALS, | 
MEAN 

PERCENTAGE CHANGE IN 
^\'EIG^T OF INJECTED RATS 

AS COMPARED WITH CONTROLS 

Thymus, 

mean 

Mes- 

enteric 

lymph 

nodes, 

mean 

Adrenals, 

mean 



gms. 

gtns. 

gtJts, j 

gms. 

per ceni 

percent 

per cent 

Controls 

9 

248 j 




-39% 

-mo, 

+9% 










Injected with epine- 









phrine 

9 

241 
















i 

Controls 

16 

203 




-13% 

-19% 

+8% 










Injected with in- 









sulin 

16 

192 










±0.026 




j 



' Standard error. 
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Fig. 1. Percentage change in weights of organs of rats injected with epinephrine and 
with insulin in comparison with controls. 


insulin such as 0.025 units per 100 grams bodj- weight. It seemed impossible 
to maintain hyoglycemia by any dose of insulin for periods comparable to those 
in the series of intact rats. The w^eights of lymphatic tissue were so variable 
that no conclusions could be drawn. Attempts at denervating the adrenal 
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medulla and leaving the cortex intact resulted in so much scarring in the region 
of the adrenal that the results were not thought to be valid. It was therefore not 
possible to prove the role of the adrenal medulla or cortex in these experiments. 

SUlVnLVRV 

The experiments give evidence that, in rats, exposure to repeated injections of 
insulin causes reduction in weight of Ijonphatic tissue. Since insulin hj^io- 
glycemia is IcnovTi to result in discharge of endogenous adrenalin, it is possible 
that secretion of the adrenal medulla has activated the adrenal cortical-ljonphatic 
tissue reaction. 
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The problem of fertilization in animals and man has engaged the attention of a 
number of workers and the laiowledge accumulated has brought into focus three 
factors which appear to be of significance in the process of fertilization. These 
are the preparation of the ovum prior to sperm penetration, the influence of 
spermatozoa numbers and the relation of the enzjune hyaluronidase to fertih- 
zation. 

The cumulus cells of mammalian ova have been described as being cemented 
together by a viscous substance (1). It has been suggested that this cementing 
substance is hyaluronic acid and that it is rendered non-viscous by the action of 
hyaluronidase present in normal semen, thus allowing dispersal of the cumulus 
cells in the process of fertilization (2, 3). The amount of hyaluronidase present 
in semen has been reported as varying positively in a linear fashion with the 
number of spermatozoa (4, 5). 

Many attempts have been made to determine the minimal and optimal sperm 
concentrations required for fertilization in various species (6, 7, 8) but, in general, 
there has been little agreement in comparable situations. 

It is the purpose of this paper to report our studies on the quantitative inter- 
relationships of the spermatozoa count, hyaluronidase titer and percentage ferti- 
lization in cattle and to indicate their probable importance to the problem of 
fertilization as a whole. 


METHODS 

Seminal specimens were collected from individual bulls and part of each speci- 
men was set aside for spermatozoa count and hyaluronidase assay, which were 
made within twenty hours after collection. Specimens were diluted 1 ; 55 with 
a sterile diluent consisting of equal parts of egg yolk and distilled water contain- 
ing 36 grams of sodium citrate and 3 grams of sulfanilamide per liter. Diluted 
seminal specimens were kept cold during transit to 45 inseminators thi’oughout 
Ohio. The majority of inseminations were accomplished within 48 hours of 
semen collection and the remainder vdthin 72 hours. One cc. of diluted semen 
was used in each insemination. 

The criterion for successful fertilization was the failure of the cattle owner to 
request another insemination (nqn-return). Since three services are guaranteed 

1 This work was supported in part by a grant from the Ohio Purebred Dairy Cattle Asso- 
ciation. 

The authors wish to express their appreciation to Dr. W. E. Krauss and Dr. Scott T. 
Sutton of the Department of Dairy Husbandry and to R. H. Kellogg and J. Curran of the 
Central Ohio Breeding Association for their assistance. 
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by the original fee, unsuccessful inseminations have invariably been followed by 
further requests (return). For any one cow, only the fertilization results of a 
maximum of two inseminations were recorded. Beyond tliis number, the fertility 
of the cow and the assurance of another request for semen were open to question. 
A period of thi-ee months from the time of insemination was allowed to elapse 
before a non-return was considered valid. 

Spermatozoa counts. To minimize the ‘normal’ counting chamber and pipette 
error, all spermatozoa counts were made on one Spencer ‘bright-line’ haema- 
cytometer and with the same two red cell dilution pipettes. A diluting fluid 
containing 5 per cent sodium bicarbonate and 1 per cent phenol was used. In 
maldng a count the semen sample was thoroughly mixed and drawm to the 0.5 
mark, resulting finally in a dilution of 1:200. The actual determination was 
made by filling the counting chamber and counting the four corner and center 
squares of the customary red cell area. Seven zeros were added to the total 
number of sperm in the five squares to give the count per cc. 

Individual counts were repeated 15 to 20 times in an effort to determine the 
amount of variance between counts. It was found that all counts for a single 
specimen fell within ±18 per cent of the mean count. Werthessen et ah (4) 
arrived at a ±20 per cent range for sperm count variance. Magath et ah (9) 
found the error of a single estimate of the erythrocjde count to be ±16 per cent. 
Apparently, the greater variance with spermatozoa is due to some property of 
the semen, possibly its greater viscosity. All sperm counts made in the experi- 
mental work were an average of four determinations. Sperm coimts made were 
total cell counts; motility and morphology studies could not be accomplished ' 
under the conditions of semen collection. 

Hyaluronidasc assay. Hyaluronidase assays were made turbidimetrically (5). 
This method is based on the observation that pure hyaluronate at pH 4.2 gives 
a stable colloidal suspension when mixed with dilute blood serum, whereas, hyal- 
uronate depoljanerized by hyaluronidase action remains clear. The hyalm’on- 
idase unit is designated as the turbidity-reducing unit (TRU) and is defined as 
the amount of hyaluronidase wliich vdll reduce the turbidity produced b 3 ’' 0.2 
mgm. of hyaluronic acid under given conditions to the equivalent turbidity pro- 
duced by 0.1 mgm. of hyaluronic acid in 30 minutes at-37°C. Turbidity meas- 
urements were made with an Evelyn photoelectric colorimeter using a 660 mu 
color filter. Colorimeter readings plotted against varying hyaluronidase concen- 
trations produced an S-shaped cuive but in the region between 0.2 mgm. and 0.1 
mgm. the cmAm was almost a straight line. We have found that greater rectifi- 
cation of the linear function was obtained w'hen turbidity readings were plotted 
against the logarithms of the hyaluronidase dilutions rather than the dilutions 
themselves. Therefore, within the test range of h 3 ’’aluronic acid and in utilizing 
the above modification, decrease in turbidity is,a linear function of enz 3 Tne con- 
centration. All h 3 ’'aluronidase values were calculated in this fashion. 

It was found that when different batches of horse serum or the same batch at 
successive inteivals of approximate^^ a week, whether previously diluted or not, 
was used in the turbidimetric test procedure, a single semen specimen gave 
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significantly different liyaluronidase titers. Upon further investigation it be- 
came apparent that the varying titers were associated wth inequalities in the 
turbidity ranges between the 0.2 mgm. and the 0.1 mgm. standards caused by 
the serum-hyaluronate complex. Large turbidity ranges caused lower values 
and, conversely, small ranges gave increased values. This relationship, however, 
was not strictly linear and it did not prove feasible to obtain a correction factor 
for varying sera. To obtain comparable hyaluronidase values, therefore, only 
sera exhibiting turbidity ranges of 6.0 ± 1 Evelyn galvanometer scale divisions 
were used in obtaining the enz 3 Tne titers. 

The enzjTne substrate, pure sodium hyaluronate, was prepared from human 
umbihcal cords according to the method of McClean (10) as modified by Rogers 
( 11 ). , 


EXPERIMENTAL RESULTS 

A total of 2992 inseminations were made in 2092 cows. The comparative 
success of first and second inseminations are given in table 1. 


TABLE 1. Fertilization results with first and second inseminations 



TOTAL 

1st raSEimjATION 

2nd insemination 

Fertilizations 

1618 

1192 

426 

Non-fertilizations 

1374 

900 

474 

Per cent fertilizations 

57.0 

47.3 

Per cent non-fertilizations 


43.0 

52.7 

Inseminations 

2992 

Cows 

2092 







It ^vill be seen from table 1 that 57 per cent of the cows under observation were 
successfully fertilized by the first insemination while 47.3 per cent of the re- 
mainder were fertilized by the second insemination. Both fertilization percent- 
ages lie ivithin the usual range of successful fertilizations obtained by most 
insemination groups. In view of the fact that variations in the fertihzing capac- 
ities of different semen specimens and in appropriate insemination time and 
technique are nonnally operative, it can be concluded that only a relatively few 
cows can be suspected of sterihty and that the animals used represented as a 
whole a statistically appropriate sampling for the purpose at hand. 

The data in table 2 are arranged in ascending order of percentage fertilizations 
(C) which are based on the proportion of non-returns for the particular semen 
specimen. Spermatozoa counts (A) are given in millions of sperm per cc. while 
hyaluronidase activity {B) is measured in turbidity-reducing units per cc. There 
are a total of 49 individual semen specimens from 25 bulls for which data are 
listed. 

The results of statistical analysis of the above data are given in table 3. It 
v-ill be seen that the correlation coefficient between sperm count and hyaluron- 
idase titer is -}-.27891, the t value for this coefficient being 1.991. Since the level 



TABLE 2. Sperm count, hyaluronidase titer and percentage fertilization 

FOR INDIVIDUAL SEMEN SPECIMENS 


SPERM COUNT IN 

mu / cc . (/!) 

HYALURONIDASE 
TRU/CC. ( B ) 1 

NON-RETURN 

RETURN 

total return, 
NON-RETURN ' 

PERCENTAGE 
FERTILIZATION (C) 

560 

2933 

20 

60 

80 

25.00 

1350 

3673 

12 

25 

37 

32.43 

1310 

2956 

20 

40 

60 

■ 33.33 

400 

1978 

7 

12 

19 

36.84 

1090 

3378 

6 

10 

16 

37.50 

600 

4333 

23 

38 

61 

37.70 

470 

1173 

19 

29 

48 

39.58 

1120 

2160 

37 

55 

92 

40.22 

940 

2167 

19 

25 

44 

43.18 

470 

1400 

36 

46 

82 

43.90 

540 

2200 

32 

40 

72 

44.44 

1520 

1643 

27 

32 

59 

"45.76 

1560 

1956 

33 

39 

72 

45.83 

410 

1341 

37 

39 

76 

48.68 

1130 

3200 

28 

29 

57 . 

49.12 

540 

1278 

29 

28 

57 

50.88 

1780 

4200 

22 

21 

43 

51.17 

1220 

2986 

13 

12 

25 

52.00 

1660 

2134 

26 

24 

50 

52.00 

1080 

1190 

44 

39 

83 

53.01 

690 

1613 

12 

10 

22 

54.55 

1590 

1422 

52 

43 

95 

54.74 

1520 

1991 

11 

9 

20 

55.00 

570 

1750 

25 

20 

45 

55.56 

2440 

2533 

29 

23 

52 

55.77 

700 

2867 

50 

37 

87 

, 57.47 

1060 

2107 

34 

25 

59 

57.63 

860 

2444 

36 

25 

61 

59.02 

1200 

1369 

37 

25 

62 

59.68 

760 

1567 

6 

4 

10 

60.00 

490 

1583 

29 

19 

48 

60.42 

600 

1213 

28 

18 

46 

60.87 

770 

1956 

42 

27 

69 

60.87 

1020 

1422 

38 

24 

62 ' 

61.29 

1150 

1511 

39 

24 

63 

61.90 

780 

1417 

43 

26 

69 

62.32 

710 

831 

43 

26 

69 

62.32 

1240 

3289 

50 

30 

80 

62.50 

1480 ' 

2883 

43 

25 

68 

63.24 

1090 

1700 

40 

23 

63 

63.49 

1730 

3209 

41 

23 

64 

64.06 

2730 

2850 

38 

21 

59 

64.41 

1890 

1333 

50 

27 

77 

64.94 

1380 

1200 

65 

34 

99 

65.66 

1020 

1894 

49 

25 

74 

66.22 

1320 

1389 

47 

22 

69 

68.12 

1100 

1400 

15 

6 

21 

71.43 

1200 

3100 

33 

13 

46 

71.74 

940 

2167 

26 

10 

36 

72.22 

53780 

104289 

1618 

1374 

2992 

2660.01 


49. 
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of significance P = .05 has a t value less than 1.991, it was concluded that tab is 
statistically significant. The same conclusion is reached for rsc = —.32290 
whose t value lies between the P = .02 and P = .01 levels of significance. How- 
eve-, the correlation coefficient of sperm count wth fertility Tac = +.24436 has 
a t value between the P = .1 and P = .05 levels and hence cannot be considered 
significant. 

All equations derived in this paper have been adjusted for values obtained from 
undiluted semen specimens. For computational use with diluted semen, appro- 
priate changes in constants must be made for each particular dilution. Three 
regression equations (I, II, III) are listed in table 3 from which corresponding 
values of hyaluronidase titer and percentage fertilization can be obtained by 
inserting in the equations the respective values of sperm count or hyaluronidase 
titer. Percentage fertilization values derived from the hyaluronidase substi- 
tution equation will have a greater reliability than those derived from the sperm 


TABLE 3. Zero order regression equations and coefficients of correlation 


ZERO ORDER REGRESSION EQUATIONS 

STANDARD ERROR OF ESTIIIATE 

I 

B = 1617.36 + 465.57 X lO-^A) 

Sb = 806.14 

II 

C = 48.37 + 539.51 X 10-6(A) 

Sc = 10.72 

III 

C = 63.34 - 425.45 X IQ-HS) 

Sc = 10.46 

CORRELATION COEFfTOENT 

t VAITO 


r/B = +.27891 i 

1.991 


Tj^c “ “1~. 24436 

1.728 


tbc = - .32290 j 

2.339 

LEVEL OF SIGNinCANCE 

CORRESPONDING t VALUE 


P = .05 

1.960 


P = .02 

2.326 


P = .01 

2.576 


P = .001 

3.291 


count substitution equation due to the smaller standard error of estimate of the 
former and the fact that Tac is not significant. 

In deriving our statistical results thus far we have assumed an oversimplified 
condition. For instance, in obtaining the coefficient of correlation between sperm 
count and fertility we have assumed that no other influencing factors were pres- 
ent. Actually, we know that fertilization is also affected by hyaluronidase titer 
and in a negative fashion. Similarly, in determining the relationship between 
hj’-aluronidase and fertilization, the influence of sperm count must be taken into 
consideration. Thus, it is important to know the correlation between fertiliza- 
tion and sperm count when the influence of hyaluronidase titer is held constant 
and, similarly, the correlation between fertilization and hyaluronidase Avhen 
sperm count is held constant. Fortunately, in being able to obtain the coefficient 
of net^ (partial) correlation, we possess a means of obtaining these ends. The 
coefficient of net correlation for sperm count and percentage fertilization when 
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the influence of hyaluronidase titer is held constant turns out to be 

+.36730 with t = 2.678 (table 4). Correspondingly, Tsc.a = —.41999 with 
i = 3.139. Both of these coefficients are highly significant as their i values 
indicate. 

In obtaining regression equations II and III for percentage fertilization we 
were guilty of incompleteness as well as over-simplification. It is desirable to 
obtain a regression equation for percentage fertilization which would take into 
account the fact that fertihzation is a function of hyaluronidase titer and of sperm 
count, both variables acting upon it simultaneously and in opposite directions. 
This equation is obtained by deriving a multiple regi'ession equation for percent- 


TABLE 4. Multiple regression and net correlation results 


COEmaENT OF NET CORRELATION 1 

t VALUE 

Lic.b = -h .36730 

2.678 

I'BC.A = — .41999 

3.139 


MULTIPLE EEGHESSION EQUATIONS 


IV Cl = 799. OS X 10-5(A) - 557.54 X IQr^B) 

V C = 57.38 + 799.08 X lO-'(A) - 557.54 X 10-‘(B) 


STANDARD ERROR OF ESTIMATE 


Sc.AB = 9.73 


COEFFICIENT OP MULTIPLE CORRELATION 

/ VALUE 

Rc.ab = -(-.43890 

3.313 


age fertihzation, vith sperm count and hyaluronidase titer as the two independent 
variables; 

Cl = 799.08 X lO-^(A) - 557.54 X IV 

C = 57.382 + 799.08 X lO-^fA) - 557.54 X lO-^fB) V 

vdiere A is millions of sperm/cc. and B is hyaluronidase titer in TRU/cc. 

Equation IV contains the net coefficients of estimation, indicating the relative 
simultaneous effect of sperm count and hyaluronidase titer on fertilization. 
Equation V is the actual predictive equation for percentage fertilization. The 
standard error of estimate for V (,Sc.ab) is 9.73. A comparison of this figure 
mth the values of Sc = 10.720 and Sc — 10.463 which were obtained with equa- 
tions II and III denotes the increased reliability of values obtained with equation 
V. 

Finally, the derivation of one more coefficient is highly instructive. The coef- 
ficient of multiple correlation Rc.ab is an indicator of the proportion of the total 
variation in percentage fertilization which is being measured by the multiple 
regression equation. Rc.ab turns out to be +.43890 vdth a t value of 3.313, 
indicating that this coefficient is highlj’’ significant statistically. The difference 
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between the square of the multiple correlation coefficient {R-c.ab = .22385) and 
unity indicates the proportion of the total variation which is accounted for by 
factors other than sperm count and hyaluronidase titer. That these factors 
represent the major portion of the total variation is readily understandable in 
view of the fact that successful fertilization also depends upon insemination 
occurring during the short estrus period, the use of uniformly appropriate insem- 
ination techniques in the field and the physiological fitness of the individual cow 
for pregnancy during the first three months following conception. 

DISCUSSION 

With the demonstration that hyaluronidase disperses the cumulus cells of 
mammahan ova and the consequent implication of the enzyme in the process of 
fertihzation, the hypothesis has been advanced that milhons of spermatozoa are 
required for the fertilization of a few ova not to assure the chance meeting of a 
sperm and ovum but rather to supply a sufficient concentration of hyaluronidase 
as a prerequisite for fertilization in the immediate environment of the sperm and 
ovum (7). This theorj'- is further strengthened by the recent finding of more direct 
evidence indicating that the spermatozoa themselves produce the hyaluronidase 
content of semen and that the amount of hyaluronidase present is positively 
correlated with the number of spermatozoa (12, 13). A corollary to the theory, 
likewse, has been inferred by most investigators of the problem that seminal 
specimens containing greater amounts of hyaluronidase possess greater fertilizing 
capacities and that addition of the enzjone to semen in cases of oligospermia 
will increase the chances of fertilization. 

In accord with the above observations, we have found hyaluronidase titers in 
cattle to be positively correlated with spermatozoa coimts. Our results indicate, 
however, that above some hyaluronidase threshold value for fertihzation, which 
at present remains obscure, increased amounts of hyaluronidase are associated 
with decreased fertihzing capacities. Thus hyaluronidase titer and percentage 
fertility have a net correlation coefficient of — .41999, a highly significant figure. 
A physiological explanation of this negative effect cannot be demonstrated mth 
the available Imowledge but an excess of the enzyme might produce an effect un- 
desirable for fertilization on the ovum itself. In this respect it is interesting to 
note that Pincus and Enzmann (1) observed that rabbit semen which dispersed 
the cumulus cell mass of ova most speedily and had the greatest number of sperm 
per cmm. completely dissolved the ova after 24 hours. 

It has been observed by several investigators that beyond a particular minimal 
range, increase in the number of spermatozoa used for insemination yields pro- 
gressively higher percentages of fertilizations, until an optimal count is reached. 
Apparently beyond this optimal spermatozoa count, no further increase in the 
proportion of fertilizations accomplished is noticeable. The latter situation is the 
one encountered with normal bull semen as is demonstrated by the fact that the 
correlation of percentage fertilization vith sperm count (r^c = +.24436) wlfich 
we obtained was not significant. However, since hyaluronidase titer is positively 
correlated vnth sperm count and, beyond a particular minimal value, progressive 
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amounts of hyaluronidase are associated with decreased fertilization .percentages, 
it may well be that numbers of spermatozoa, greater than the so-called optimal 
count, may still be capable of producing liigher fertilization percentages but that 
their influence is nullified by the associated increase in hj’^aluronidase content. 
Indeed just such a condition would seem to be operative. ^\Tien the influence 
of hyaluronidase content is kept constant, the correlation between percentage 
fertilization and sperm count becomes highly significant (r^cj? = +.36730). 
Evidently the concept that large numbers of sperm sei-ve to increase the mathe- 
matical chances of a sperm meeting the ovum must be at least in part retained 
unless another as yet rmidentified factor, associated quantitatively with sper- 
matozoa in fertilization, is assumed. 

Clearly, any examination of the fertilizing capacity of semen must take into 
consideration the dual antithetical relationships of sperm count and hyalu- 
ronidase content. The quantitative effects of these two variables upon fertiliza- 
tion are given by the multiple regi’ession equation coeflBcients. Any attempt to 
establish optimal and minimal sperm concentrations for fertilization, therefore, 
should be referable to a constant minimal value of hyaluronidase. Similarly, the 
establishment of a threshold amount of hyaluronidase for fertilization should be 
based on a constant number of spermatozoa. For insemination purposes, the 
ideal semen specimen should contain a maximum number of spermatozoa and 
the smallest hyaluronidase content still capable of preparing the ovum for 
fertilization. 

Since dilution of a semen specimen does not alter the ratio of hyaluronidase to 
sperm numbers, there vnW be no significant change in the percentage fertilization 
obtained with dilution up to a point. However, when dilution becomes great 
enough so that the sperm count falls below the threshold number for the amoxmt 
of hyaluronidase present or, conversely, when the hyaluronidase titer becomes 
inadequate for fertilization, percentage fertilization will be materially affected. 
In this regard Salisbury (14) found that, in the insemination of 6765 cattle, dilu- 
tions of 1:40, 1:60, 1:80 and 1:100 of the same semen specimen gave no signifi- 
cant differences in percentage fertilization. Equation V may be used for 
predicting percentage fertilization in cattle.- However, for use with higlily di- 
luted semen it must first be ascertained whether sperm count and/or hyalu- 
ronidase titer fall below threshold values required for the process of fertiUzation. 

In a few cases of human inferfihty characterized by oligospermia, it is possible 
that the addition of hyaluronidase might result in conception. In many more 
instances of infertility where the semen is incriminated, however, it is likely that 
too great an amount of hyalurofiidase is already present in relation to the number 
of spermatozoa. In cases such as the^e,rthe development of methods for reducing 
the hyaluronidase content without affecting the- spermatozoa present maj’’ well 
lead to an increased conception rate. 

SUjMMAKT 

1. Spermatozoa count was found to be significantly correlated with hyalur- 
onidase titer and with percentage fertilization in cattle. 
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2. Hyaluronidase titer, beyond a threshold amount, has been found to have a 
relatively high negative correlation vath percentage fertilization. 

3. A multiple regression equation for percentage fertilization, with sperm count 
and hyaluronidase titer as the two independent variables, has been derived. 

4. Criteria for the establishment of minimal and optimal sperm concentrations - 
and of an ideal seminal specimen for fertilization have been set forth. 

5. The use of a predictive equation for percentage fertilization in the insem- 
ination of cattle, along with the probable effect of semen dilution, is suggested. 

6. The relation of hyaluronidase to the possible therapeutic treatment of cer- 
tain types of human male infertility was indicated. 
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■ Though numerous studies have related the plasma alkaline phosphatase level 
of human beings and experimental animals to the metabolism of calcium and 
phosphorus, many recent investigations show that variations in the phosphatase 
level of plasma and other tissues may be accompanied or caused by a number of 
different physiological and pathological conditions. 

The results of a limited number of investigations of the plasma phosphatases 
of the bovine have been variable. Allcroft and Folley (1) reported a node range 
of serum phosphatase concentrations in cows with the activity somewhat in- 
creased during pregnane}'', whereas Auchinachie and Emslie (2) found the oppo- 
site trend. Although no relationship was found between the milking capacity 
and the enzyme concentration, the enz 3 Tne level decreased with advancing age 
until maturity was reached (1). Wilson and Hart (3) demonstrated a high 
plasma phosphatase level three w'eelvs or more before calving with a decrease 
near the time of parturition follow'ed by a tendency to increase. A similar gen- 
eral observation was reported by Hibbs et al. (4), Philhps (5) demonstrated that 
the plasma phosphatase of cattle suffering from fluorine toxicosis increased in 
proportion -vNuth the fluorine intake and indicated that the enzjTne offers a sensi- 
tive test for this disturbance. The plasma calciiun and phosphorus remained 
within normal hmits. No data are reported on the plasma phosphatase of bulls. 

The object of this investigation was to study the relationships of diet, semen 
production, plasma calcium and phosphorus and age to the plasma phosphatases 
of dairy bulls. 


EXPERIMENTAL 

Twenty-three bulls from which semen was obtained at varying rates 'W'ere em- ■ 
ployed in this study. Eleven of these animals constituted two groups in a nutri- 
tion experiment in Avhich six bulls received a complex concentrate mixture 
containing supplemental minerals and vitamins and five bulls were fed a simple 
concentrate mixture consisting largely of corn AUth no mineral or vitamin supple- 
mentation. These animals received the same average grade mixed hay at the 
rate of 1 lb. per 100 lb. body weight. The concentrate mixtures Avere fed in 
sufficient quantity A\dth hay to supply 1.18 lb. of digestible nutrients per 100 lb. 
of body AA’^eight daily. No more than three weeks difference existed in the age of 
the 11 bulls used in this phase of the study. These bulls AA'ere 27 months old at 
the beginning and 33 months old at the termination of the experiment. 

' Paper of the Journal Series, New Jersey Agricultural Experiment Station, Rutgers , 
University, Department of Dairy Industry. 

- Present address; Cornell University, Ithaca, New York. 
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The remaining 12 bulls ranging from 17 to 128 months of age were eniployed 
in an artificial breeding stud and were fed in a manner considered to be consistent 
with the production of high quahty semen. 

The activitj’' of the alkaline and acid phosphatases was determined in plasma 
at pH 9.3 and 5.0, respectively, by the method of King and Armstrong (6) as 
modified by Wiese et al. (7). A unit of phosphatase was defined 'as one mgm. 
phenol liberated from the disodium phenyl phosphate substrate in 30 minutes 
at 37°C. by 100 ml. plasma. 

To facihtate quantitative expression, the average daily number of ejaculates, 
volume of semen and number of spermatozoa were calculated from the total 
number of ejaculates and spermatozoa and volume of semen obtained during :the 
arbitrarily selected period of three months, terminating noth the estimation of: 
the plasma phosphatases. 


TABLE 1. Effect of rest upon the plasma alkaline phosphatase level of 

BREEDING BULLS 


BULL NO 

DURING HEAVY USE . 

AFTER S2-DAY REST 

INCREASE 


units 

units 

units 

2 

6.88 

11.60 

4.72 

3 

3.37 

10.75 

7.38 

4 

2.27 

9.31 

7.04 

11 

5.27 

10.84 

5.57 

13 

5.03 

10.59 

5.56 

6 

7.13 

13.07 

5.94 

9 

4.43 

10.58 

6.15 

10 

3.50 

10.03 

6.53 

.12 

4.80 

10.51 

5.71 

14 

6.60 

12.14 

5.54 

Average 

4.93 

10.95 

6.02 


EESULTS 

Effect of diet on plasma phosphatase level. Since munerous reports indicate a 
possible relationship between the nutrition of animals and the aUtaline phos- 
phatase activity of their plasma, the concentration was measured in the plasma 
of two groups of bulls receiving extremely different concentrate mixtures. 

Since these rations did not appear to affect the acid or alkaline phosphatase 
concentration of the plasma of these bulls, individual group data for phosphatase 
levels and data relative to the composition of diet are not given. 

Effect of rest on plasma phosphatases of breeding bulls. It was observed that 
the plasma of bulls used for semen production sparingly or not at all contained 
higher concentrations of alkaline phosphatase than bulls ejaculated more fre- 
quently. 

Table 1 shows a 2.2-fold increase in the alkaline phosphatase upon resting (for 
52 days) bulls which had been yielding an ejaculate at 3 to 5-day intervals. The 
act of resting bulls from semen collection had no perceptible effect on the activity 
of the plasma acid phosphatase. 
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Relationship of rate and quantity of semen ejaculation to plasma phosphatases. 
An examination was made of the relationship of the frequencj'- mth which semen 
was obtained, the volume of semen and concentration of spermatozoa produced 
to the plasma phosphatases. The quantitative expression of the average daily 
figures used in these relationships appeared to be justified since semen was ob- 
tained at fairly regular intervals regardless of the rate. 

Table 2 demonstrates the effect of taking semen on the plasma alkaline phos- 
phatase of a bull from which semen had not previously been obtained. The 
collection of nine samples of semen totaling 193 ml., obtained by massaging the 
ampullae of the ductus deferens and seminal vesicles during a 16-day period, 
effected an abrupt decline in enzyme concentration from 18.95 (range 18.04 to 
19.75 in five samplings) to 5.24 units per 100 ml. plasma. 

TABLE 2. Decline of plasma alkaline phosphatase level in a bull from 


WHICH SEMEN HAD NEVER BEFORE BEEN OBTAINED 


PHOSPHATASE BEPORE SEMEN 
COLLECTION 

SEMEN 

COLLECTION 

PERIOD 

SAMPLES 

OBTAINED 

SEMEN VOLUME 

SPERMATOZOA 

NO. 

PHOSPHATASE 
AFTER SEMEN 
COLLECTION 

units 

days 

no. 

ml. 

billions 

units 

18.95 

(18.04-19.75)1 

16 

9 

193 

4.14 

5.24 


‘ Range found in five samplings during a C-month period. 


TABLE 3. Effect of frequency and quantity of semen ejaculation upon 

PLASMA ALKALINE PHOSPHATASE LEVEL 



1 PHOSPHATASE RANGE (UNITS) j 

CORRELATION COEF- 
FICIENT AND STANDARD 


2.00-5.99 

1 6.00-9.99 

10.00-13.99 

14.00-19.75 

ERROR 

Ejaculates/day 

■n 


.10 

.01 

-0.71 ±0.06 

Volume/day (ml.) 


msm 

.43 

.05 

-0.83 ±0.04 

Spermatozoa/day X 10® 

No. cases 

13.26 

13 j 

11.11 

21 

4.32 

25 

.57 

6 

-0.86 ±0.03 


A marked decline in plasma alkaline phosphatase concentration was found to 
accompany an increase in the ejaculation rate and in the volume of semen and 
number of spermatozoa ejaculated. The relationships are established in table 
3 and figure 1. The degree of relationship of the plasma alkaline phosphatase 
level was highest with the number of spermatozoa ejaculated, intermediate ■with 
the volume of semen ejaculated and lowest with the number of ejaculates yielded. 
All of these were highly significant statistically. 

The concentration of plasma acid phosphatase did not appear to be related to 
the rate or quantity of semen ejaculated. 

Relationship of plasma calcium and phosphorus and age to plasma phosphatases. 
The extensive use of plasma alkaline phosphatase values in the detection of dis- 
turbed bone rnetabolism and the decline accompanying aging, found by a number 
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of workers, made it necessary to establish whether or not the observed differences 
in enzjone concentration of bulls’ plasma were associated wth the levels of plasma 
calcium and phosphorus or the age of bulls. It was found that the calcium and 
phosphorus concentrations in the plasma of these animals Avere not greatly 
different regardless of the alkaline phosphatase activity and that age v/as Avithout 
appreciable effect upon the enzyme level. 



Fig. 1 


The acid phosphatase concentration did not bear any noticeable relationship 
to the plasma levels of calcium and inorganic phosphorus or age. 

DISCUSSION 

Although dietary influences on the plasma alkaline phosphatase are Avidely 
knoAATi, the limits of the rations fed in this experiment were Avithout effect upon 
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the activity of the enzyme in the plasma of bulls. The complex concentrate feed 
used in this study provided 3.62 grams more Ca, 1.91 grams more P, 40 mgm. 
more Fe, 73 mgm. more Mn, 6 mgm. more Cu, 0.45 mgm. more Co, 37.10 grams 
more protein, 11.16 grams more fat, 13,620 I. U. more vitamin A and 2,043 
.U. S. P. units more vitamin D per pound than was supplied in the same amount 
of the simple concentrate feed. The literature demonstrates the effects of certain 
of these dietary factors upon the phosphatase level of plasma and other tissues 
of humans and experimental animals; however, in view of the gi'eat differences 
of the two rations employed in this investigation, the possibihty of demonstrating 
a dietary influence on the concentration of plasma phosphatases of breeding bulls 
seems remote. 

Since it is kno^vn that cows in widely different mineral balances seem to main- 
tain similar plasma levels of calcium and phosphorus, these data involving plasma 
calcium and phosphorus should not be interpreted to mean that the mineral 
metabolism of the bull is not related to alkaline phosphatase. 

The observation of a declining phosphatase concentration with aging in experi- 
mental animals (1) and humans (8) may be a secondarj’' reflection of bone metab- 
olism. The small number of very young and old bulls available for study 
limited the age range used in this investigation; however, it was found that the 
plasma of new-born bull calves contained much greater quantities of the alkaline 
phosphatase than did that of older bulls (9). 

Although the plasma alkaline phosphatase decreases in a consistent manner 
with increased rates of semen ejaculation and quantities of semen yielded, these 
data do not allow the mechanism involved in the decline of the enzjmie in plasma 
to be ascertained. It seems indicated, though, that the semen alkaline phos- 
phatase may be derived from the blood at which expense the enz 3 Tne level may 
be maintained in the semen. The work of Gutman and Gutman (10) shows that 
the concentration of alkaline phosphatase in the seminal fluids of man is very low 
and, in this respect, is opposite to acid phosphatase. The results of a few deter- 
minations conducted in this laboratory would indicate a veiy high concentration 
of alkaline phosphatase in bull semen (9). A study of the enzyme in bull semen 
will be published later. 

It is not Icnown what practical husbandry application these findings ma}'^ have; 
however, if a sufficiently large number of bulls were examined, it appears prob- 
able that these data could be used as an index of when a rest from the breeding 
routine might be beneficial to bulls. 

SUMMARY 

1. The plasma alkaline phosphatase concentration of bulls appears to be 
largely dependent upon the frequency of semen ejaculation and, more partic- 
ularly, upon the number of spermatozoa yielded. 

2. The rations used in this investigation did not elicit any perceptible influence 
on the plasma phosphatases of bulls. 

3. No relationship Avas obserAmd between the plasma level of alkaline or acid 
phosphatase and the plasma levels of calcium, inorganic phosphorus or age of 
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4. The level of acid phosphatase was not affected by the rate of semen collec- 
tion or quantity of semen ejaculated. 

5. In 144 analj’^ses made on the plasma of bulls, the average alkahne phos- 
phatase activity was 8.98 (range 1.99-21.03) units per 100 ml. and the average 
acid phosphatase was 2.09 (range 0.35-6.63) units per 100 ml. 

REFERENCES 

1. Allcroft, W. M. and S. J. Folley. Biochcm. J. 36: 254, 1941. 

2. Auchinachie, D. M. and A. R. G. Emslie. Biochem. J. 27: 351, 1933. 

3. Wilson, L. T. and E. B. Hart. J. Dairy Sci. 16: 116, 1932. .• 

4. Hires, J. W., W. E. Kr.\uss, W. D. Pounden, C. F. Monroe .\nd T. S. Sutton.. ,J, 
Dairy Sci. 29: 767, 1946. 

5. Phillips, P. H. Science 76: 239, 1932. ' ' 

6. King, E. J. and A. R. Armstrong. Can. Med. .Assoc. J. 31: 376, 1934. ' " " 

7. Wiese, A. C., B. C. Johson. 'C. A. Elvehjem, E. B. Hart and J. G. Halpin. J. Bfdli 

Chem. 127:411, 1939. vn 

8. Stearns, G. AND E. W.\R\VEG. J. Biol. Chem. 102: 749, 1933. , , , 

9. Reid, J. T., G. M. Ward AND R. L. Salsbury*. Unpublished data. 1947. 

10. Gutman, A. B. and E. B. Gutman. Endocrinology 28: 115, 1941. 


UTILIZATION BY DOGS OF THE NITROGEN OF HEATED 

CASEIN 


ELSIE 0. WEAST, MARY GROODY and AGNES FAY MORGAN 

From the Department of Home Economics, University of California, Berkeley, 

California 

Received for publication November 3, 1947 

Earlier investigations have sliovni that heat treatment of proteins with tem- 
peratures over 120° appreciably lowers their nutritive value as determined by 
rat groni;h and balance methods (1-4). Morgan, Greaves and Loveen (5) re- 
ported that the growth value of casein for rats was decreased 17 per cent when 
heated at 140° C. for 30 minutes, but that its digestibility was lowered only 4 
per cent. They concluded that lysine was the first amino acid damaged and 
histidine the second when casein was heated to this temperature. Arnold and 
Elvelijem (6) observed running fits in dogs fed a heated diet of wheat and meat 
scraps and noted some improvement when lysine was given. No other work with 
dogs fed heated proteins has been reported. This studj-^ was undertaken largely 
to determine whether the response of rats to heated diets can be duplicated in 
another species. 

Two litters of mongrel dogs and two litters of purebred cocker spaniels, a total 
of 17 dogs, were used in this experiment. Some of each gi'oup were placed on a 
diet containing unheated casein at the same level used for the littermates fed the 
diet containing heated casein. The effect of these regimes was noted on the 
grov'th, blood composition, nitrogen utilization and tissue changes. 

METHODS 

The same type of casein was used in all the experiments, an acid-precipitated, 
dried commercial product designated raw casein, and the same heated for 15 or 
30 minutes in layers one to one and one-half inches deep at 130°, 140° or 200 . 
The temperature of the casein was carefully controlled bj'’ preheating the oven 
to a higher temperature than that desired so that the introduction of the amount 
of casein prepared at one time brought the material to the desired temperature 
mthin 10 minutes. The oven temperature was then controlled so that the casein 
remained at the desired temperature for either 15 or 30 minutes. In this way 
all lots of casein prepared for a given experiment were subjected to identical 
treatment. The casein heated at 130° and 140° was light yellovdsh buff in color 
and that heated at 200° a considerably darker shade. The depth of color was 
found to vary quite consistently rvith the temperature to which the casein was 
exposed. 

The animals assigned to the heated diet were started on a casein heated at 
130°. Since this did not seem to slow their growth measurably, the temperature 
of heating was increased to 200° after 46 days. This diet produced such severely 
deleterious effects that in the later experiments a lower temperature, 140°, was 
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used. The diets were made up of casein, raw or heated, 18, 24 or 36, CaCOs 
1.5, hydrogenated cottonseed oil 10.0, salt mixture ^5,^ 2.4, cornstarch and su- 
crose in equal amounts to make the total, 100. In addition each dog received 
one gram yeast and 1 gram wheat germ per kgm. per day except preceding and 
during periods of collection of excreta, when they were fed the crystalline vita- 
mins, per kgm. per daiq thiamine, pyridoxine, and riboflavin each 0.1 mgm., 
pantothenic and nicotinic acid each 2 mgm. Grayfish oil fortified by irradiated 
ergosterol was fed to supply ^^tamins A and D in the amount of 400 I.U. of vita- 
min A and 50 I.U. of vitamin D per kgm. per day. The protein supplied by the 
yeast and wheat germ amounted to 7 to 18 per cent of the total protein fed, the 
proportion increasing vdth the lowering of intake in the older dogs. 

The dogs were kept in individual standard, metabolism cages. From the time 
they were weaned at five to seven weelcs of age until they were four months old, 
they were given the weighed dai^’’ ration in two feedings. After they were four 
months old, the ration was given in one feeding daily. The dogs on the unheated 
diet ate their food promptly and completely, as did usually also those on the 
heated diet. The animals in each group Avere paired, one of the pair being placed 
on the raiv and the other on the heated diet, and each two animals thus paired 
Avere fed daily the same amount of nitrogen and total food, regardless of differ- 
ences in AA'eight increases. The amount of food given decreased from 200 cal/kgm 
/day at first to 80 cal/kgm/daj'’ AA’’hen the dogs’ groAAi.h rate levelled off after 
seven to eight months. 

Total serum protein and serum albumin AA^ere determined by the micro- 
Kjeldahl method, and nonprotein nitrogen Avas similarly measured on the Folin- 
Wu filtrate. Serum albumin and globulin AA''ere fractionated by the method of 
lUngsley (7) except in some of the earliest determinations in AA^hich HoAve’s 
method (8) AA'as used. Simultaneous determinations by the two methods in- 
dicated that comparable results could be obtained. Because of its rapidity, 
Kingsley’s method Avas chosen. 

The nitrogen content of pooled five-day urine and fecal collections was meas- 
ured by macro-Kjeldahl determinations. The urine AA^as preserved Avith a small 
amount of acid and toluene and the feces AA^ere dried daily. Diarrhea, particu- 
larly on the heated diets, sometimes interfered with the fecal collections, and in 
these instances less than five-day collections Avere used. 

Creatine was determined in the muscle tissue of the dogs of gi’oup II by the 
method of Rose, Helmer and Chanutin (9). Vitamin A was determined in the 
livers of this group by the method of DaAues (10) and in the serum by the method 
of Yudkin (11). 


EXPERIMENTAL RESULTS 

Growth. As shoAAm by the groAAdh curves (fig. 1, 2 and 3), the dogs fed the 
heated diet made poorer groAAdh than the littermates fed the same amounts of 
the raAv diet AAdth only one exception, dog 13 of group III, Avhich was heavier than 


1 Axelrod, H. E., A. F. Morgan and S. Lepkovsky. J. Biol. Chem., 160: 155, 1945. 
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his control dog 14, at the start. The stunting was corrected by rapid compensa- 
tory gi-owth whenever an animal was changed from the heated to the raw diet, 
as was done in the case of dog 8, and the reverse condition occurred when the 
heated was substituted for the raw diet as in the cases of dogs 9 and 8. 

There was less severe depression of growth in the group (III) fed the casein 
heated at 140° than in the two groups fed the more highly heated diet. Three 
of the former gi-oup were given the diet containing 24 per cent casein and four 



Fig. 1. Growth of group i, hounds, fed from weaning purified diets containing 18 per 
cent casein, unheated or heated 15 minutes at 200°. 

Fig. 2. Growth of group ii, shepherd dogs, fed from weaning on purified diets contain- 
ing 18 per cent casein, unheated or heated. At first the casein was heated 30 minutes at 
130°, but at point A was changed to casein heated 15 minutes at 200°. At B, dog 7 was 
changed from heated to unheated, and dog 9 from unheated to heated diet. At C, the level 
of casein in both diets was raised to 36 per cent. 

received an 18 per cent casein diet. Two of those fed the 24 per cent diet, dogs 
16 and 17, were of a different litter from the other five, and grew less rapidly, but 
the difference betw'een the dogs on the raw and heated diets remained the same. 
A^Tien dog 9 of group II was changed from a diet containing 18 per cent heated 
casein to one containing 36 per cent heated casein, her condition rapidl}’" de- 
teriorated. 

Three measures were tried in an attempt to improve the gro^vth of the dogs on 
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the heated diets: 1) the addition of l-l 3 ’-sine dihj’-drochloride- to the experimental 
diet, 2) the similar addition of lactalbumin, a commercial product and 3) the sub- 
stitution for the experimental diets of the stock diet;. Dogs 5, 6 and 17 were 



Fig. 3. Growth of group hi, cocker spaniels, fed from weaning on purified diets contain- 
ing IS or 24 per cent casein, unheated or heated 15 minutes at 140°. Dogs 15, 16 and 17 re- 
ceived the 24 per cent diet, the others, 18 per cent. At A, force feeding of 15 and 17 was 
discontinued. 


given the lysine; dog 6 after 80 daj’-s bj'' subcutaneous injection, 0.5 gram dailjr for 
10 days; dog 5 after 135 daj’-s, 1 gram daily b}”- mouth for 10 days; and dog 17 


^ The l 3 'sine was generouslj- supplied bj' Merck & Co., Rahwaj% New Jersey*. 
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after 135 days, 2 grams daily for eight days by mouth, and, 23 days later when 
more lysine became available, 1 gram dailj’- for 20 days. The amounts given in 
the cases of dogs 5 and 6 were apparently too small to be of advantage, but dog 17 
made some improvement in growth, in serum protein levels and in nitrogen re- 
tention during, but more markedly in the period after, the lysine administration. 
The nitrogen loss bj’’ dog 5 was also decreased somewhat in the period following 
the lysine feeding. 

Dogs 13 and 14 of gi'oup III after five months were each given in addition to 
their usual diet 3 grams dry lactalbumin daily, amounting to 60 mgm. nitrogen 
per kilo per day added to the 213 to 220 mgm. per kilo per day contained in their 
basal diet. During the two months that this supplement was given the growth, 
nitrogen retention and serum protein level of dog 13 on heated diet were improved, 
but there appeared to be no change in dog 14 on the unheated diet. 

All seven of the dogs of group III were placed on the 36 per cent casein stock 
diet after 7 to 13 months on the experimental diets. All the dogs wliich had 
received the heated diets at once improved in weight, condition of coat, activity 
and appetite. 

The animals in group III which received the less severely heat-treated casein 
had few signs of inferiority other than slow gl•o^\d.h, although their hair was dry 
and short as compared vdth their controls receiving the unheated diet. In gi’oups 
I and II, however, the dogs on the diet containing casein heated at 200° had scaly 
dry skin, dull short hair and recurring skin lesions, accompanied by loss of hair, 
particularly about the eyes. Two dogs in gi’oup I and one in gi’oup II died dur- 
ing the experiment, apparently because of the deficiency. 

Serum 'proteins. In all cases the levels of total serum proteins and serum albu- 
min of the dogs fed the heated casein were lower than those of the corresponding 
animals on the unheated protein. There were larger differences showm by the 
groups fed the more severely, heated diets, as illustrated in figure 4. The level 
of circulating serum proteins and albumin found after three to five months on the 
diets in groups I and II showed depression of both values in dogs 5, 4 and 9 as 
compared vuth dogs 1, 2 and 5, their pair-fed controls on the unheated protein. 
The changes in these levels produced in two months in dog 3 when removed from 
the unheated to the heated diet and in three months in dog 7 when changed from 
the heated to the unheated diet were striking and consistent. In figure 5 is 
shovTi the decrease in the serum protein level of dog 9 which followed the change 
in the level of heated protein in the diet from 18 per cent to 36 per cent, and the 
fall in all these serum values when the three dogs of group II were placed on low- 
nitrogen diets approximating the endogenous level. 

The dogs of group III which received the less severely heated diet also had total 
serum proteins and albumin levels slightly lower than had their controls on the 
unheated diets. The group fed the 18 per cent casein diets had about the same 
serum protein levels as those fed the 24 per cent casein diets (fig. 6), and the differ- 
ences between those on the heated and unheated protein appeared to be of the 
same order. However, dogs 15 and 17 fed a heated 24 per cent diet maintained 
somewhat higher serum albumin than dogs 11 and 13 fed the heated 18 per cent 
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diet. "iVhen dogs IS and 14 'were each given three grams lactalbumin per da 3 ’-, a 
rise in serum protein level occurred in dog IS, but little change in albumin level. 
When all four dogs of this group were placed on the 36 per cent unheated casein 
stock diet, in two to three months all had attained the same serum protein and 
albumin levels. 'WQien 1-lj'^sine diltydrocliloride was given dog 17, 40 grams in 52 
da 3 ’^s, the serum protein and albumin levels rose perceptibl 3 '- above those of the 
pair-fed dog 15 on unsupplemented similar diet but did not equal the levels shown 



Fig. 4. Serum protein and albumin as affected by heating of dietary casein. The num- 
ber of the dog is given below the columns. These columns represent the blood protein 
values after two to five months on the diets. Dogs 2 and S were on unheated diet through- 
out, dogs 5 and 4 on heated (200° for 15 minutes) casein throughout. Dog 3 was first on 
unheated diet for three to four months, then heated diet for two months. Dog 7 was on 
heated diet for six months then unheated diet for six months. Dog 9 had been on heated 
diet for three months at this time. 


b 3 f the animal, dog 16, given the unheated protein. These three dogs were main- 
tained on the experimental diets several months longer than an 3 ^ of the others, 
and it was noted that after maturit 3 ^ was reached, at 10 to 12 months of age, the 
differences in serum protein levels tended to decrease. 

Hemoglohin. From the fourth to the eighth month on the diet the dogs of 
group III on heated diet had 11.6 to 14.9 grams hemoglobin per 100 ml. blood 
and those on the unheated diet had 13.2 to 15.8. The per cent of packed cells 
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Fig. 5. Serum protein and albumin levels oe group ii . At A, dog 7 was changed from 
18 per cent heated casein (200° for 15 minutes) to the unheated diet, and dog 9 from unheated 
to heated diet. At B, dogs 7 and S were changed to unheated casein, 36 per cent, and dog 9 
to heated casein, 36 per cent. At C all three were placed on the nonprotein diet, followed by 
intakes at the endogenous level. 

Fig. 6. Serum protein and albumin levels of group hi. At C began 3 grams lactal- 
bumin daily administration to dogs 13 and H, continued to D. Between A and B, 40 grams 
dl -lysine hydrochloride was given dog 17. AtD, dogs 11,13, IS and 14 were changed to 36 per 
cent unheated casein diet. 

was also usually larger in the' latter. The dogs of groups I and II which wei’C fed 
the severely heated casein after three to five months on the diet had only 8.4 to 
9.6 grams hemoglobin per 100 ml. blood while their pair-fed controls on the un- 
heated diet had 11.7 to 14.7. 
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Nonprotein nitrogen. The level of blood nonprotein nitrogen varied very little 
throughout the feeding period. The dogs in all groups which were fed the un- 
heated protein had 30 to 38 mgm. per cent and those fed the heated diet 17 to 28 
mgm. per cent. 

e? r\ 


N retained 



Group X Group II 

Fig. 7. Nitrogen balances of dogs of groups i and ii. Gi'oup I, periods 1, 2 and 3, 
one balance each after 125, 139 and 146 days on the diet. Group II, period 1, two balances 
in the fourth month on the diets ; period 2, three balances in the seventh and eighth months ; 
period 3, one balance in the ninth month. Between periods 1 and 2, dog 7 was shifted from 
heated to unheated diet and dog 9 from unheated to heated diet. 

Nitrogen balances. The intake of the dogs on the heated diet was kept parallel 
with that of their pairmates on the unheated protein during the balance periods 
b}’’ force feeding when necessary. These intakes were kept nearly equal regard- 
less of differences in the weight of the animals. Each collection period was five 
days in length. Occasionally the dogs on heated diet excreted very soft fecce, 
thus interrupting the collections. 

As shown in figure 7 a large part of the nitrogen excreted appeared in the feces 
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of the dogs of group I fed the casein heated at 200°. In succeed ng periods the 
nitrogen retention of these animals decreased and cventuall}" became negative. 
The proportion of food-nitrogen lost in the feces increased from 44, 56 and 47 per 
cent in the first period, to 74, 84 and 76 in the second and 94 and 96 in the third. 
The two dogs on the unheated casein excreted in the feces only 5 to 10 per cent of 
the food nitrogen throughout the experiment. During the balance periods the 
latter dogs weighed 10 to 11 kgm., the former 5 to 7 kgm. 

An attempt at determination of the endogenous level of nitrogen excretion was 
made with the three dogs of group II after they had been on the diet ten months. 
^^Ten fed nonprotein basal diet, after a five-day adjustment period, the urinary 
nitrogen excretion of the two dogs which had been fed the unheated casein was 
found to be similar, and their fecal output very small (table 1). The dog which 
had been subsisting on the heated diet excreted equal amounts of nitrogen in 
urine' and feces. The pattern established on the heated protein regime appar- 
ently persisted. The dogs were then returned to their original casein diets but 


TABLE 1. The true digestibiuity of heated (200° for 15 min.) and unheated casein 

In mgm. per kgm. per day 


DOG NO. 

WEIGHT 

PROTEIN FED 

N 

INTAKE 

•URINE 

N 

1 1 

1 IXCAD ! 

N 

BALANCE 

N 

absorbed 

N 

true 

DIGESTI' 

uaiTV 


fcgm. 







per cent 

Sc? 

15.4 

No protein 

— 

110 

6 

-116 




13.0 

Unheated casein 

154 ' 

164 

22 

-32 

138 

89 

Id' 

15.7 

No protein 

— — 

113 

11 

-124 




14.0 

Unheated casein 

1 

143 

145 

30 

-32 

124 

87 

99 

7.1 

No protein 

— 

60 

59 

-119 




5.9 

Heated casein 

170 

52 

178 

-60 

51' 

30 


at approximately the endogenous level. The true digestibility of the unheated 
casein appeared to be 89 and 87 per cent and of the heated casein 30 per cent. 

Earlier balance experiments with these three animals indicated large losses of 
nitrogen in the feces when the heated protein was fed, with greatly increased ex- 
cretion Avhen the level of casein was raised from 18 to 36 per cent (fig. 7, period 3). 
Dog 7, which had been depleted by the earlier heated diet regime, retained more 
nitrogen in every period on the unheated casein than did dog 8, which had been 
fed the unheated diet from the beginning. 

All of the animals of group III fed the casein heated at 140° for 15 minutes 
(6g. 8) exlhbited the same digestive pattern as did those in groups I and II, but 
the loss of nitrogen in the feces was less, usually 30 to 40 per cent of the total 
nitrogen excretion, even after seven months on the diet. None of the four dogs of 
this gi'oup which were fed the heated casein showed the severe failure of nutrition 
seen in the animals fed the more highly heated casein. Dog 17, which was given 
1-lysine dihydrochloride in balance period 2 as previously mentioned, presented 
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better nitrogen retention than dog 16 on heated casein mthout added lysine in 
this period only. 

Dogs 11 and 13, fed the 18 per cent heated casein diets, were force-fed in period 
1 to conform with the intakes of their conti’ols, dogs 12 and 14 , but the intake of 
the latter was decreased to the volimtaiy intake of dogs 11 and IS in period 2. 
It will be seen that the nitrogen retention was much decreased. In period 3, 


179 


152 


m 

"lis? 


1.0 



Period I 



179 


1159 



3 


FIG. 8 

□ N retained 
N fecal 

V//h N urinary 


119 



Group in, a Group HI, b 

Tig. 8. Nitrogen balances of dogs of group hi. A. Dogs on 24 per cent casein diet. 
Period 1, six balances in the fourth and fifth months; period 2, three balances in the sixth 
month when 17 received one or more gram lysine daily; period 3, three balances in the 
seventh month. B. Dogs on 18 per cent casein diet. Period 1, two balances in the fourth 
month; period 2, one balance in the fifth month, no force feeding; period 3, three balances 
in the sixth month, when both dogs received 3 gram lactalbumin daily. 

three gi-ams lactalbumin was given daily to dogs 13 and 14, with accompan3'ing 
improvement in the nitrogen retention of dog 13. 

The retentions of these animals on heated diet during balance periods Avere 
often better than those of their controls on the unheated diet because of their 
gi'eater intake in relation to bod5’' weight. The force-fed dogs sometimes made 
small gains in AA^eight during the balance periods, but AAdien the force feeding Avas 
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discontinued ceased to gain or lost weight. Their voluntary intake was seldom 
lower per kilogram weight, however, than that of the normal animals. This per- 
sistence of positive nitrogen balance vnth stationary or decreasing body weight 
has been noted by Frost and Risser (12) and by Robscheit-Robbins, Miller and 
AVhipple (13). 

The apparent digestibility of the more severely heated casein was 28 per cent, 
that of the less severely heated casein 67 per cent, and that of the unheated casein 
91 per cent. 

Running fits. Ko running fits occurred in the dogs fed the unheated or the 
uncomplicated heated diets. Two weeks after dog 17 was given lysine as pre- 
viously indicated, the animal had three running fits on three successive daj's. 
Thereafter fits of varying severity occurred at irregular intervals during the re- 

T.\BLE 2. ANALYSIS 01' I'RESIl TISSVES OF DOGS FED HEATED (200° FOR 15 MIN'.) AND 


UNHEATED CASEIN 
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j 
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Water, per cent 

78.5 

77.6 

— 
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Nitrogen, per cent 
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3.16 

— 




Creatine, mgm. per cent 
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— 
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Vitamin A, I.U. per gram 
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1.08 
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Water, per cent 

77.9 

74.2 
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Nitrogen, per cent 
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bj’ unheated 
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mm 
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— 
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1.18 
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76.4 
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2.69 

3.32 

— 



lowed by heated 

Creatine, mgm. per cent 

268 

293 

— 

1 


diet, 215 daj'S. 

Vitamin A, I.U. per gram 



8240 

0.35 


maining six months of this animal’s life on the heated diet. Three days after 
dog 13 was placed on the stock diet containing 36 per cent unheated casein, the 
animal had a running fit. That an improvement in diet could precipitate this 
sj’^mptom seems unlikely, yet onl 3 '- these two animals out of 11 fed heated casein 
were seen to undergo this condition. Dogs 7,11 and 15 were also changed from 
heated tp raw or stock diet 'vi’ithout occurrence of fits. Interest is’ attached to this 
sjTnptom because there is some evidence that severely heated dog foods of low 
or poor quality protein content may induce such fits (14). 

Condition of tissues. Onl 3 >- the dogs in groups I and II were sacrificed. Ex- 
ceedinglj’- jmllow livers in all the animals on heated diet were observed upon gross 
examination. The control livers were normal. Histological sections of the 
jmllow livers made by staining with hematox 3 din eosin showed vacuolization con- 
sidered to be due to fatt 3 ’- infiltration, but stains for fat were not made. It is of 
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interest to note that dog 7, which was changed from heated to raw diet, had a 
normal liver, which would indicate that any damage which occurred in this organ 
was reparable. 

The gastronemious and heart muscles of dog 9 had low creatine values in both 
cases but normal total- nitrogen contents, as compared with the creatine and 
nitrogen of the tissues of the two dogs of the same group which had been fed un- 
heated diet. The decrease in creatine maj'’ be due to methionine deficienc}'’ in 
the heated casein. 

The vitamin A of the liver of dog 9 was of the same order as that of* the two nor- 
mal animals but that of the circulating blood was low (table 2). These deter- 
minations^ were made because dog 9 had exliibited loss of hair, reddening and 
purulence of the eyelids, and skin eruptions which resembled the symptoms seen 
in vitamin A-deficient dogs. The utilization of vitamin A may have been im- 
paired due to decrease in liver function, as suggested bj'’ Popper and Steigman 
(15), Ealli et al. (16) and others. This liver damage again maj”- be referable to 
loss of lipotropic action in the heated casein due to changes in the methionine. 
Choline as such was not included in the diet but this was presumably supplied by 
the yeast and wheat germ used as the source of the B vitamins except during the 
actual nitrogen balance periods. The presence of normal vitamin A stores in the 
liver of dog 9 with reduced plasma vitamin A level parallels conditions reported 
in clinical studies (17), and may be taken to mean that the damaged liver retained 
the vitamin in an inaccessible form or site (18). 

DISCUSSION 

The effect of heated casein on the metabolism of the dogs was shown by the 
decrease in rate of gl■o^vth, the decrease in total seinm protein and serum albu- 
min, the decrease in nitrogen absorption, and the liver damage. Although true 
digestibility could not be determined in all cases, the large differences in apparent 
digestibility justify the conclusion that heating the protein seriousb^ decreased 
its absorbability. It may also be concluded that the higher the temperature of 
heating of the casein, the greater the decrease in digestibility, since casein heated 
at 200° and fed at the 18 per cent level underwent a decrease in digestibility from 
91 to 28 per cent, whereas that heated at 140° fell from 90 to 67 per cent. Little 
difference was apparent between digestibilities of the casein heated at 140° and 
fed at the 18 and 24 per cent levels, 68 and 66 per cents, respectively. To this 
lowered digestibility can probablj'' be attributed most of the deleterious effects 
of the heated diet which are comparable with those of low protein diets. 

It is well Ivnown that low protein diets may cause hepatic damage. Weech 
and Goettsch (19) who used a low protein diet of carrots and rice noted in dogs 
definite hepatic changes which thej’- considered to be due to fatty infiltration. 
Elman and Heifetz (20) feeding the same tj^je of carrot diet to dogs found exten- 
sive vacuolization of liver cells which was not due to accumulation of fat as shown 
by chemical analj^ses and stained sections, but which the.y ascribed to loss of liver 


® The vitamin A determinations were done by Lillian S. Bentley. 
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protein. This is parallel M’itli obseiA'ations made on some of the livers of dogs 
in this study which showed vacuolization which may have been caused by fatty 
infiltration, but since no fat stains or chemical analj^ses were made, the assump- 
tion may be unwarranted. Since the liver is considered to be of primaiy impor- 
tance in the formation of plasma proteins (19, 21), this damage may be the cause 
of the fall in serum protein level. But quality and quantity of ingested protein 
also influence serum protein production (21). The series of serum protein deter- 
minations in groups II and III (fig. 5, 6) indicate that the serum protein level was 
directly and‘ promptly influenced by nitrogen intake. 

The re.sults obtained with heated casein in these experiments are different from 
those previously described (1, 5) in which rats were used. In the rat, the digesti- 
bilit}'- of the heated casein was not markedlj’’ lowered, but the availability of the 
absorbed nitrogen was decreased. Supplementation of heated casein with b'sine 
or histidine improved its biological value for rats. That the fraction of the 
heated casein nitrogen absorbed in these experiments with dogs was not as com- 
pletelj'^ utilized as was that of the unheated casein can be inferred from the 
decrease in growth rate and lowering of serum protein levels which occurred in 
the animals fed large amounts of the heated protein. Thus the dogs in group 
III, -which -were fed heated casein at the 24 per cent level, might be expected to 
approximate the performance of their littermates fed the unheated casein at the 
18 per cent level if the 34 per cent loss in digestion were the only disability in- 
flicted. But neither growth nor serum protein levels bear out this conclusion 
(fig. 3 and 6). The serum protein and albumin levels shown by dogs lo and 17 
were higher than those of dogs 11 and 13, but the positive control of the former 
dogs, no. 16, had also slightlj’- higher levels than dogs 12 and 14 v'hich were fed 
the unheated diet containing 18 ]Der cent casein. The globulin levels of all the 
dogs of this group fed the heated protein were about the same as those of their 
controls on the unheated diets, thus possibly indicating some failure of utili- 
zation of the absorbed heated nitrogen in albumin, but apparently not in glo- 
bulin formation. This may mean that the amino acid fraction required for 
globulin formation was altered bj”^ heat more than was that required primarily for 
albumin formation. This is in agreement with the findings of Seeley (22), who re- 
ported that casein caused equal regeneration of albumin and globulin in depleted 
dogs, beef serum protein regenerated only albumin, but amigen, a casein hj’-drol.y- 
sate, favored onlj'- globulin production. Seeley likewise found tha,t depleted dogs 
excreted less urinary nitrogen than did normal animals, as was found to be the 
case in these experiments, all dogs on heated diets excreting less nitrogen in the 
urine, even on greater intakes and after allowance had been made for intestinal 
loss, than did those fed unheated protein (fig. 7, 8). The failure of casein acid 
h 3 "drolysates fed intravenous^ to maintain weight and nitrogen balance in dogs, 
even when supplemented by cystine, as reported bj'- Frost and Risser (12), ma}’’ 
be in part at least due to the same type of heat damage manifested in whole 
casein. The fatty or vacuolized livers of their dogs, ascribed to sulfur amino- 
acid deficienejq Avere also seen in the dogs fed seA'-erelj^ heated casein in these 
experiments. 
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The addition of l-l 3 "sine dih 5 ’-drochloride to the heated diets, which had been 
found remarkabl}'^ effecti^'^e in improving the growth of rats (1,5), was also meas- 
urably useful in counteracting the heat effect in the one dog in which it was 
tried for a long enough period. The increase in growth, serum protein levels 
and nitrogen retention was unmistakable. There was, however, no accompany- 
ing alleviation of the digestive loss of nitrogen, and the animal did not equal its 
positiA'^e control, dog 16, nor greatl 3 '’ exceed the performance of dog 15, except in 
globulin formation, fed the heated casein AAnthout l 3 ’-sine supplement. It ma 3 ^ be 
that the amount of b'sine gir'-en AA’as insufficient. ‘ 

The improA^ement obtained Avith 3 grams lactalbumin daily in dog 13 A\'as simi- 
lar. This much lactalbumin proAuded about 0.3 gram l 3 ''sine, and 0.2 gram 
C 3 -stine and methionine combined, and the net effect equalled that of 1 gram ly- 
sine in dog 17. Since this simultaneous addition of lysine and methionine and 
e 3 ’^stine and other amino acids CA'en in small amounts appeared to be as effective 
as the larger intake of l 3 ’’sine, the failure of absorption of the heated protein could 
hardb^ haA'-e been due entire^’’ to unaA'’ailabilit 3 ’^ of 13 ’^sine. 

The depression of biological A^alue of a protein b 3 '- heat ma 3 ’' result from either 
decrease in absorbabilit 3 ’’ of usable amino acids or in the aA’-ailabilit 3 ^ of the com- 
pletel 3 ’- absorbed amino acids. According to Seegers and Mattill (23) liA’-er pro- 
teins heated at 120° for 72 hours or hot-alcohol-extracted for 130 hours had mark- 
edly loAA-ered digestibilit 3 '’ for rats, but acid h 3 ’-drol 3 ’^sates of these proteins had 
the same digestibilit 3 ’’ and biological Amlue as the original dried liver proteins. A 
later study (24) of the digestion in, vitro of liA'-er and kidne 3 ’- proteins, fresh and 
hot-alcohol-extracted, revealed the loss of digestibility in some of these proteins 
but not in others, and also a loss of free amino nitrogen AAuthout loss of total 
nitrogen. This AA'as interpreted to indicate the formation in the denatured pro- 
teins of ncAA" enz 3 ’'me-resistant anh 3 '^dride linkages between the e-amino group of 
b'sine and aA^ailable hydroxyl gi’oups. Presumably these abnormal linkages 
AA^ere destro 3 '-ed by complete acid, h 3 '^drol 3 ’’sis. 

In the case of the heated casein fed to dogs in our experiment the evidence 
points to failure of digestion and absorption as the primaiy and in the less se- 
A'-erel 3 " heated protein possibl 3 '' the entire cause of the decreased biological A'^alue. 
Apparenth^ an 3 ^ enz 3 ane-resistant peptides produced b 3 ^ dry heat are not absorb- 
able Avhen fed to the dog, as the 3 ^ are AA'hen fed to the rat, Avith resultant increase 
m fecal, and decrease in urinaiy, nitrogen in the former species. The net loss of 
biological A'^alue of the heated protein is nearh'- the same in the tAvo species. Mur- 
lin, Nasset and Marsh (4) as a result of experiments AAnth human subjects, re- 
ported reduction in egg-replacement value in AAdieat brealcfast cereals AAhich had 
been subjected to high temperatures, about 200 °, in the process of manufacture. 
The reduction AA^as of the same order as that i-eported for similar products fed to 
rats (1) and AA'as ascribed to losses in metabolism with no reduction in true di- 
gestibilit3^ 

Mecham and Olcott (25) found that diy heat caused seA^eral proteins, including 
casein, to become increasingb^ insoluble and resistant to digestion in vitro b 3 '- 
pancreatin. These effects AA-ere measurable in proteins heated at 110° to' 140° 
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and much exaggerated when temperatures from 150° to 203° were used. This 
parallels the markedly increased loss of digestibility for dogs of the casein heated 
at 200° as compared with that heated at 140° in our experiments. 

SmiMARY 

1. Young dogs were fed from weaning to maturity on purified diets containing 
casein, unheated or heated at 140° or 200° for 15 or 30 minutes. The protein 
levels used were 18, 24 and 36 per cent of the diet. 

2. The gi'owth of the animals on the heated protein was inferior, particularly 
on that exposed to the higher temperature. Little advantage was seen in the use 
of the 24 per cent as compared with the 18 per cent heated diet and rapid deterio- 
ration occurred in one dog when 36 per cent heated casein was substituted for 
the 18 per cent diet. 

3. The administration of 40 grams of 1-h'sine dihydroclrloride in 52 daj's to one 
dog caused slight but perceptible improvement in growth and serum protein level. 
A similar change occurred in another dog on the heated diet when 3 grams lactal- 
bumin was given daily for two months. 

4. The total seitim protein and albumin levels, but not the globulin level, were 
progressive!}' lowered in all the animals on the heated protein. Hemoglobin 
concentration Avas also decreased although less strildngly. 

5. Total nitrogen intake Avas maintained equal in the paired animals on heated 
and unheated diets by force feeding. NeA’^ertheless decreasing retention and 
eA’’entual nitrogen loss occurred on the heated protein, AAuth most of the excess 
excretion appearing in the feces. The apparent digestibility of the casein heated 
at 200° Avas 28, of that heated at 140°, 67, and of the unheated 91. True digesti- 
bility of the more seA’^erely heated casein in one case AAas found to be 30. 

6. Running fits dcA'eloped in the tAvo dogs AA'hich had been treated AAdth lysine 
or lactalbumin and in no others. 

7. Yellow livers, apparently fatty, AA'ere found in all the dogs fed the 200° 
heated casein, and Ioav heart and muscle creatine in one. These conditions point 
to possible methionine deficienc}’-. 

8. The differences betAveen these obseiwations and those seen preAnously in 
rats similarly fed indicate poorer capacity on the part of the dog for absorption 
of any abnormal amino acid or peptide foims present in the heated casein but 
similar net loss of biological A^alue in the tAvo species. 
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Salicjdate is known to possess the property of increasing tlie urinary excretion 
of uric acid in both animal and man but the mechanism by which this is accom- 
plished is not known. 

Rockwood (1) believed that the drug acted to prevent the destruction of uric 
acid in the body, hence its increased excretion. Fine and Chace (2) however 
observed that concomitant with urinary increase in uric acid after the ingestion 
of salicylate, a decrease in blood uric acid occurred. Other workers (3, 6) have 
confirmed their findings, thus suggesting that the initial or primary site of 
salicjdate action was probably renal. 

Quick (7) believed that salicylic acid stimulated the renal excretion of uric 
acid. Gray and Grabfield (8) believed that denervation of the dog’s kidnej'’ pre- 
vented the usual increase in urinary uric acid after the administration of salic}’’!- 
ate. Talbott (9), employing various clearance teclmiques in his studies, was 
unable to find any change in the glomerular filtration rate of patients receiving 
salicylate, despite the fact that their urine did contain more uric acid. He con- 
cluded that salicylate probably interfered with the tubular reabsorption of uric 
acid. On the other hand, Klemperer and Bauer (10) found that the maximum 
urinary concentration of uric acid in subjects receiving salicylate was no different 
than that of control subjects. Because of this finding, thej’- concluded that the 
increase in urinary concentration of uric acid following salic 3 date was not due to 
a change in renal tubular reabsorption. 

In the present communication, results of studies concerning o) the renal 
hemodjmamics and 6) the uric acid and allantoin in the blood and urine of rats 
receiving sodium salicjdate alone or combined Avith.gtycine are given. The evi- 
dence obtained strongb'- suggests that salicjdate acts to increase the excretion of 
uric acid exaetty as glycine was found to do (11), namety, by interfering Avith the 
renal tubular mechanism concerned Avith the excretion of uric acid. 

JIETHODS 

Both the acute and chronic experiments AA'ere done on male albino rats, Aveigh- 
ing 275-350 grams, AA'hich Avere maintained on Purina Dog ChoAV. 

' Aided by a grant from tlie Public Health Service. 
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Uric acid, creatinine and hippurate clearances were obtained on rats according 
to our previouslj'- described methods (11, 12).- 

RESULTS 

1. Acu/e effect of sodium salicylate upon the uric acid output and %ipon the renal 
hemodynamics of the normal rat. Twenty-three rats were used in this studJ^ 
Uric acid, creatinine and hippurate clearances were obtained on 11 control rats 
and on 12 rats Avhich received 10 mgm. of sodium salic 3 date in 10 cc. of Ii 20 per 
100 grams of body weight by mouth at the beginning of the clearance study (10 
A.M.) and 5 mgm. of sodium salicjdate in 5 cc. of H 2 O every hour during the 
collection period of five hours. 

Sodium salicylate in the dosage used in these experiments increased the uric ■ 
acid excretion promptlj'- and markedly in the rat. Thus the average excretion of 
uric acid of the control rats was 0.147 mgm. per hour (see table 1 A) and that of 
the 12 rats receiving salic 3 date was 0.294 mgm. per hour (see table 1 B). This 
increase of approximately 100 per cent in the excretion of uric acid however was 
not preceded by any significant rise in the blood uric acid (compare table 1 A 
and B). Furthermore, this increased excretion of uric acid after salic 3 date was 
not accompanied by an 3 '- significant change in the urine volume, rate of glomerular 
filtration or in rate of renal plasma flow (the latter two functions were measured 
by the creatinine and hippurate clearances respectively). The average control 
creatinine and hippurate clearances were 35.9 and 141.0 cc. per hour per 100 
grams of body weight respectively (see table 1 A). After the administration of 
salicylate, these same clearances were 33.2 and 152.0 cc. respectively (see 
table IB). 

2. Acute effect of sodm?n salicylate upon the blood and urinary allatoin concen- 
tration of the normal rat. Twelve I’ats were used. Control determinations of the 
allantoin excretion per hour over a tAvo-hour period AA^ere made on six of these 
rats. Similar determinations AA^ere made on the remaining six rats except that 
each received the same quantity of salic 3 date as the rats described aboAm. 

In these experiments, the administration of salic 3 date aa'-rs not found to haAm 
any effect either upon the blood allantoin or upon the amount of allantoin ex- 
creted in the urine. The average blood allantoin (1.63 mgm. per 100 cc.) of the 

- In respect to our method of determining the hippurate clearance Avhich recently n'as 
misunderstood by Friedman, ei al. (13), it should be stressed that tAAm blood samples taken 
at the beginning and end of the clearance period were analysed for hippurate. The aver- 
age of these two values was then multiplied by a correction factor (0.715). The use of this 
factor was found (after preliminary determinations of the plasma concentration of hip- 
purate) to correct for the changing rate of plasma hippurate decline occurring during the 
first and second hours of the clearance. It cannot be stressed too much that a hippurate 
clearance based upon a single plasma analysis is completely unreliable. Our rats received 
100 mgm. of hippurate subcutaneously which represented a dosage of approximately 30-35 
mgm. per 100 grams of weight. The plasma concentration of hippurate during the clear- 
ance after such a dose rarely e.xceeded 4 mgm. per 100 cc. Allantoin in the blood and urine 
of rats was determined according to the method of Christman, Fosterer and Esterer (14). 
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six control rats fell approximately 11 per cent during the clearance period, during 
which time the average amount of allantoin excreted was 2.16 mgm. per hour. 


TABLE 1. Acute effect of sodium saltcyeate upon the uric acid content of the 

NORMAL rat’s BLOOD AND URINE, AND UPON ITS RENAL HEMODYNAMICS 


RAT 

BLOOD DRIC ACID DURING CLEARANCE* 

10:00 12:00 3:00 

U.F. 

C.C. 

H.C. 

U.A. 

U.A.C. 

A. Control rats 

52 

1.20 

1.50 

1.50 

1.3 

38.6 

212.0 

0.156 

14.8 

72 

0.95 

1.00 

1.20 

1.2 

39.4 

139.0 

0.163 

15.1 

54 

0.92 

1.40 

1.20 

1.3 

37.6 

149.0 

0.158 

12.4 

73 

1.40 

1.40 

1.50 

0.8 

34.6 

139.0 

0.163 

— 

42 

0.81 

0.95 

0.92 

1.1 

44.5 

118.0 

0.161 

15.3 

43 

1.00 

1.30 

1.60 

1.1 

45.5 

122.0 

0.132 

9.5 

89 

1.20 

1.80 

1.40 

1.6 

34.5 

108.0 

0.139 

9.6 

21 

1.10 

1.50 

1.50 

1.49 

34.6 

146.0 

0.137 

10.1 

92 

1.92 

1.10 

1.90 

1.10 

34 . S 

— 

0.122 

11.9 

53 

0.80 

1.20 

0.84 

1.17 

24.3 

158.0 

0.151 

15.9 

29 

0.88 

0.88 

1 

0.72 

i 

1.44 

1 

28. 5 

115.0 

o ; i 39 

16.7 

Av 

1.11 

1.28 

1.30 

1.24 

35.9 

141.0 

1 

0.147 ‘ 

1 

13.1 


B. Rats given sodium salicylate 


39 

1.30 

1.10 

1.30 

1.44 

27.9 

216.0 

0.330 

26.9 

41 

1.10 

1.00 

1.00 

1.46 

35.5 

159.0 

0.246 

23.9 

68 

1.30 

1.20 

1.30 

1.34 

30.2 

13 ' 5.0 

0.326 

25.8 

32 

1.20 

1.00 

1.30 

1.47 

33.4 

125.0 

0.422 

36.4 

66 

1.00 

1.70 

— 

1.04 

26.5 

177.0 

0.284 

17.8 

72 

1.18 

1.30 

1.40 

1.18 

37.7 

123.0 

0.236 

19.2 

57 

0.95 

1.20 

1.20 

1.15 

29.4 

127.0 

0 . 284 , 

25.4 

44 

1.30 

1.40 

1.20 

1.42 

28.5 

140.0 

0.286 

22.0 

69 

1.20 

1.30 

1.40 

1.31 

33.0 

120.0 

0.254 

19.5 

43 

1.00 

1.00 

1.50 

1.32 

43.0 

171.0 

0.278 

22.0 

22 

1.00 

1.00 

0.98 

1.24 

31.0 

181.0 

0.314 

31.4 

54 

1.10 

1.40 

1.30 

1.48 

41.7 

148.0 

0.272 

21.7 

Av 

1.14 

1.22 

1.26 

1.32 

33.2 

152.0 

0.294 

24.3 



^ The blood uric acid samples were taken at the beginning, middle and end of the col- 
lection period. 

U.F. equals urine flow in cc. per hour per 100 grams of body weight. 

C.C. equals creatinine clearance in cc. per hour per 100 grams of body weight. 

H.C. equals hippurate clearance in cc. per hour per 100 grams of body weight. 

U.A. equals mgm. of uric acid excreted in urine per hour. 

U.A.C. equals uric acid clearance in cc. per hour per rat. 

The average blood allantoin (1.75 mgm. per 100 cc.) of the six rats which received 
salicylate remained approximately unchanged (1.77 mgm. per 100 cc.) during the 
clearance period. The average amount of allantoin excreted, was 2.05 mgm. per 
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hour. On the basis of these results, it seems likely that the ingestion of salicjdate 
had no significant effect either upon the blood or upon the renal excretion of 
allantoin. 

3. Acute effect of sodium salicylate and glycine upon the blood and urinary uric 
acid of the normal rat. Uric acid clearances were done upon nine rats which not 
only received the usual amount of sodium salicylate but also 50 mgm. of glycine 
by mouth at the beginning of the collection period and five mgm. every hour of 
the clearance determination. 

The combined administration of salic 3 date and glycine was followed by an 
increase in the' amount of uric acid excreted without a preceding or concomitant 
abnormal increase in the blood uric acid. However, the average uric acid ex- 
cretion of the nine rats was 0.318 mgm. per hour which was only about eight per 
cent higher than the excretory rate of rats receiving only salicylates (see table 
1 B). Moreover the average uric acid clearance in this series was only 17.7 cc. 
per hour as compared to 24.3 cc. of rats receiving salicjdate alone. Wliether this 
lowered clearance represents an interference bj^ glycine or whether it resulted 
because of the reduced urine flow is unknown. It would appear then that little 
if any augmentation was obtained in the excretion of uric acid by the combined 
administration of glycine and salicylate. 

4. Effect of sodium salicylate upon the blood uric acid and allantoin of nephrecto- 
mized rats. Fourteen rats were nephrectomized after control determinations of 
blood uric acid and allantoin had been made. Five of these rats received 30 
mgm. of sodium salicylate in three divided doses in the 24-hour period following 
nephrectomy. Blood samples were obtained again from each of the rats, 24 
hours after nephrectomy^, and analyzed for uric acid and allantoin. 

The administration of sodium salicylate had no effect upon the blood uric acid 
of nephrectomized rats. The average blood uric acid of the nine control rats was 
1.34 mgm. per 100 cc. before and 1-49 mgm. per 100 cc. 24 hours after 
nephrectomy. The blood uric acid of the five rats which received salicylate was 
1.40 mgm. per 100 cc. before and 1.26 mgm. 24 hours after nephi’ectomj''. 

Salicjdate moreover was found to have no effect upon the blood allantoin con- 
centration of nephrectomized rats. Thus the average blood aUantoin of the 
control rats was 2.10 mgm. per 100 cc. before and 37.37 mgm. per 100 cc. 24 hours 
after nephrectomy. The average blood allantoin concentration of the five rats 
Avhich received salicylate was 35.6 mgm. per 100 cc., 24 hours after nephrectomy. 

5. Chronic effect of sodium salicylate upon the blood and urinary uric acid content 
of the normal rat. Six rats were caged individually and the daily urinary'- output 
Avas recorded for seven days. Determinations also of the uric acid in the urine of 
these rats Avere made every other day during the same control period. The aver- 
age daily uric acid output for a week’s period Avas then calculated by multiplying 
the aA’-erage daily Amlume of urine in cc. by the aA'erage uric acid concentration 
of the three urine samples analyzed. LikeAA'ise the blood uric acid of these rats 
AA'as determined eveiy other day and the average daily blood uric acid for a Aveek’s 
period AA-as calculated by averaging the uric acid content of three blood samples 
analyzed during the control perid. 
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After these control studies had been completed, each rat received 30 mgm. of 
sodium salicylate a daj'^ (in three divided doses) by stomach tube. Determina- 
tions of urinary and blood uric acid were obtained tlwee times a week and aver- 
aged exactly as in the control period. The experiment was continued for 42 days 
after the control period. 

Although the experiment began with six rats only three remained at the end of 
the sixth week, at which time the feeding of sodium salic 3 date was discontinued. 
The other three rats died following accidental perforation of their esophagus by 
the stomach tube during the first two Aveeks of the experiment. 

As was expected (see table 2), the oral administration of salicjdate was followed 
by a prompt increase in the amount of uric acid excreted per da 3 ^ The average 
daily excretion of uric acid was 3.04 mgm. before and 4.43 mgm. (an increase of 
45.7 per cent) during the first week of salicjdate ingestion. As table 2 indicates 
the average daib"^ uric acid excretion in subsequent weeks continued to be greater 
than that during the control period although never as large as that obtained 


TABLE 2. Chronic effect of sodium salicylate upon the uric acid content of the 

NORMAL rat’s BLOOD AND URINE 


DAYS 

NUMBER OF 
RATS 

BLOOD URIC ACID (lIGM/lOO 
CC.) 

URINE FLOW (CC/dAV) 

URIC ACID EXCRETED 

(mgm/day) 

Average 

Range 

Average 

Range 

Average 

Range 

1 - 71 


i 1.22 

1 (1.1-1. 5) 

i 

9.1 

(6.5-11.0) 

1 

3.04 

(2'.5 -3.74) 

7-14 

6 

1.30 

(1.2-1. 4) 

14.3 

(12.7-17.0) 

4.43 

(3.G6-4.90) 

14-21 

4 

0.90 

(0. 8-1.0) 

14.1 

(ll.G-20.2) 

3.94 

(3.34-4.20) 

21-28 

3 

0.91 

(0. 8-1.1) 

18.1 

(15.4-20.7) 

4.02 

(3.82-4.29) 

28-35 

3 

0.53 

(0,5-0. 6) 

18.8 

(17.G-21.2) 

3.88 

(3.77-4.09) 

35-42 

3 

0.53 

(0.5-0. 6) 

20.9 

(17.0-2G.1) 

4.24 

(4.02-4.60) 

42-49 

3 

0.50 

(0.5-0. 5) 

19.2 

(12.G-2G.9) 

3.72 

(3.17-4.07) 


Control period of seven days during which no salicylate was given. 


during the first week of salicjdate feeding. During the sixth rveek the average 
dailj”^ uric acid excretion of the remaining three rats was 3.72 mgm. (an increase 
of 22.4 per cent above the control value). 

The average blood uric acid of the chronic rats was 1.22 mgm. per 100 cc. during 
the control period, decreased to 0.90 mgm. at the second tveek of salic 3 date ad- 
ministration and apparently became fixed at approximately 0.5 mgm. per 100 cc. 
from the fourth week on. 

Coincident Avith the marked increase in uric acid excretion, the average daib’' 
urine volume increased from the control value of 9.1 cc. to 14.3 cc. during the 
first Aveek of the experiment (see table 2). This increase in urine Amlume con- 
tinued throughout the entire experiment. 

DISCUSSION 

Our experimental observations in common Avith those of previous investigators 
(1~5) cleai'b'’ indicated that salic 3 date effected a marked and A'^ery rapid increase 
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in the excretion of uric acid. The inabihty of salicylate to cause a change in the 
blood uric acid preceding this increased urinary excretion either in the acute or 
chronic experiments suggested that the increase was not the result of a changed 
or accelei’ated purine metabolism. Furthermore, the inability of salicylate to 
effect any change in the renal excretion of allantoin (which also is a product of the 
rat’s purine metabolism) added additional evidence to suggest that salicylate did 
not act upon the mechanisms primarily involved in purine metabolism. Finally, 
the inabilitjr of administered salicylate to produce any change in either the blood 
uric acid or allantoin concentration of nephrectomized rats left little doubt that 
the increased excretion of uric acid after salic 3 date was due solelj'- to some sort of 
renal phenomenon. 

The absence of any significant change in the creatinine and hippurate clear- 
ances or in the excretion of allantoin following the ingestion of salicylates indi- 
cated that the increase in urinary uric acid following the latter could not have 
been due to either an increase in renal blood flow or in rate of glomerular filtration. 
Thus it would seem most likely that salic 3 date, as Talbott (9) has postulated, 
acts to influence the renal tubular mechanism involved in the excretion of uric 
acid. In this regard, it acts similarly to glycine which also has been found (11) to 
interfere with the excretion of uric acid. It is quite possible that both of these 
substances act upon the same tubular mechanism. The inability of both sub- 
stances when given together to increase the uric acid output significantly above 
that following the ingestion of salicylate alone might be due to the possibility that 
the latter drug, in the dosage used, effected a physiological maximum of tubular 
interference in this regard. 

Whether this tubular mechanism is influenced by salicylate onl 3 ’- when the renal 
innervation is intact, as stated by Gray and Grabfield (8), is not yet determined. 
Unfortunate^, the control studies of these authors indicated an increase in not 
only the excretion of uric acid but also of allantoin and urinar 3 '- nitrogen, follow- 
ing the ingestion of salicylate. These last two increases are veiy difficult to 
understand in view of the fact that the creatinine clearance of their animals re- 
mained unaffected by the administration of salic 3 dates. Since the allantoin 
clearance has been found also to be a measure of glomerular filtration in both the 
rat and dog (15) it seems strange that this clearance should increase and the 
creatinine clearance (its exact counterpart) should remain unchanged. Likewise, 
the unexplained increase, of urinaiy nitrogen (2-4 grams), after salicylate with no 
change in the creatinine clearance again, throws some doubt upon the accuracy 
of their control studies. 


CONCLUSIONS 

,1. Sodium salicylate was found to effect an immediate increase in the urinary 
excretion of uric acid of the normal rat without a preceding or concomitant 
change in the blood uric acid, the renal plasma flow or the glomerular filtration 
rate. 

2. Sodium salicylate was found to exert no effect either upon the blood or 
urinaiy allantoin content of the normal rat. 
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3. Glycine was not found to augment significantly the effect of sodium sali- 
cylate in increasing the excretion of uric acid. 

4. Sodium salicylate was unable to cause any significant change in the blood 
uric acid or allantoin of the nephi'ectomized rat. 

5. The chronic administration of sodium salicylate was found to cause an 
immediate and continued increase in uric acid exci'etion. The blood uric acid of 
such treated animals progressively fell to approximately one third of its control 
value. 

6. It was concluded that salicylate acts to increase the output of uric acid by 
interfering with the tubular mechanism concerned with the excretion of uric acid. 
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The irreversible inactivation of cholinesterase (CliE) by di-isopropylfiuoro- 
phosphate (DFP) has made possible numerous studies' of the rates of regenera- 
tion of red cell and plasma ChE. It has been shomi, in animals treated ndth 
DFP, that red cell ChE is restored at a rate commensurate .with erythropoiesis 
and that plasma ChE restoration proceeds at a rate closely similar to that of the 
regeneration of other plasma proteins (1, 2). It is probable that the regenera- 
tion rate of a given tissue ChE after DFP reflects the protein production rate 
characteristic of that tissue. 

Recent reports (3-5) state that liver extract and folic acid are effective in the 
treatment of anemia by virtue of an alleged capacity for enhancing serum ChE 
activity both in vitro and in vivo. This increase in serum ChE activity is said to 
occur both in normal animals and in those ndth reduced ChE levels. The experi- 
ments reported herein were prompted by interest in the alleged role of ChE in 
erythropoiesis, the fundamental interest which attaches to these observations 
with respect to protein synthesis in general, the mechanism of action of drugs — 
in either activating a specific protein, viz., ChE or in accelerating its restoration 
in the body — and the possible therapeutic value of folic acid or liver extract in 
poisoning by anti-cholinesterase agents. 

METHODS 

1. In vitro experiments. Blood plasma samples were obtained from normal 
humans, normal dogs, and dogs chronically poisoned with DFP. To these were 
added var 5 dng concentrations of folic acid^ or liver extract and incubation was 
carried out for 2| hours at 37°C. in a constant temperature bath. Plasma ChE 
activity was determined manometrically as previously described in application to 
a study of human liver disease (6). 

2. In vivo experiments. Four noimal female- dogs were used; they were main- 
tained in good health on a diet constant in composition prior to and during the 
study. Determinations were made of plasma ChE activity, erythrocyte counts, 
hemoglobin percentages and reticulocyte percentages. The Haden-Hausser hemo- 
globinometer was used for determining hemoglobin percentages; reticulocyte 
counts were made on blood smeare stained with brilliant cresyl blue and counter- 
stained with Wright’s stain. 

The solutions of folic acid, acetylcholine bromide and physostigmine Avere made 
in distilled water; the acetylcholine solution was buffered AUth sodium phosphate 

' The folic acid used A\-as supplied by Lederle Laboratories. 
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to reduce irritation at the site of injection. Armour’s ‘Liver Liquid Parenteral’ 
was used; it contains 15 U.S.P. units in 1 cc. 

■ RESULTS 

1. In vitro. The incubation of nonnal human plasma with relative^ large con- 
centrations of folic acid or liver extract produced no sigi^ificant change in ChE 
activity from control figures. An example of such results appears in table 1. 


TABLE 1. Effect of folic acid and liver extract on cue activity of normal human 

PLASMA 


INCUBAtlON MIXTURF, 

ChE ACTiviiv 
(mm* CO 2 / 0 .I CC/30 MIN.) 

1.0 cc. serum 

217 

219 

209 

217 

1.0 cc. serum 4-0.2 mgm. FA 

1 0 n.p.. RpriiTYi +0-0^ 11 . TiVi 

1.0 cc. serum 4-0.75 u. LE 



TABLE 2. Effect of folic acid and liver extract on the plasma cue activity of 

DOGS TREATED WITH DFP 


DOG 

INCUBATION MIXTURE 

ChE ACTIVIIV 
(mm» CO;/0.1 cc/30 min.) 

1 

1.0 cc. plasma 

30 


1.0 cc. plasma + 0.2 mgm. FA 

28 


1.0 cc. plasma -4- 0.5 mgm. FA 

33 


1.0 cc. plasma -f 1.0 mgm. FA 

31 

2 

1.0 cc. plasma 

67 


1.0 cc. plasma 4- 10.0 mgm. FA 

68 


1.0 cc. plasma -f 2.5 u LE 

78 

2 

1.0 cc. plasma 

68 ■ 


1.0 cc. plasma -p 10 mgm. FA 

67 


1.0 cc. plasma 4- 2.5 u LE 

67 

2 

1.0 cc. plasma 

79, . 


1.0 cc. plasma 4- 0.75 u LE 

79 


1.0 cc. plasma 4- 0.16 u LE 

78 

3 

1.0 cc. plasma 

37 


1.0 cc. plasma 0.2 mgm. FA 

39 


1.0 cc. plasma 4- 0.75 u LE 

35 


Plasma samples from 3 dogs chronically poisoned with DFP, possessing 40 per 
cent or less of their normal (pre-DFP) ChE activit 3 q were similarh’’ incubated 
with folic acid and liver extract in A\dde ranges of concentration. In no instance 
did these drags produce a significant change in the ChE activity. These results 
are shown in table 2. 

2. In vivo. In an attempt to produce a macroc 3 '^tic anemia and a lowering of 
plasma ChE acth'it 3 ’- (4), two dogs were given daity subcutaneous injections of 3.0 
mgm. of acet 3 dcholine bromide and 1.0 mgm. of physostigmine salicylate for a 
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period of 61 days; for the same period two dogs were kept as untreated controls. 
In neither of the tAvo treated dogs AA^ere there any significant changes in plasma. 
ChE activity, erythrocyte counts, reticulocyte percentages and hemoglobin per- 
centages. In addition, there Avas no appreciable difference betAA^een the data ob- 
tained on these dogs and those obtained on the control animals. 

During the subsequent 25-day period the acetylcholine and physostigmine in- 
jections AAure continued; in addition, although no anemia had been produced, one 
of the experimental animals and one of the control animals receiA^ed a dailj'- intra- 


TABLE 3. Effect of drugs on blood constituents 


DOG 

EXPERI- 

MENTAL 

PERIOD 

DRUGS 

RED CELLS 

HEMO- 

GLOBIN 

RETICU- 

LOCYTES 

ESTEEASn ACTIVITY 

(MseCO:/0.1 

CC/30 UIN.) 

Detn. 

Millions 

Av. 

Extremes 

Av. 

Extremes 


days 





grams % 

per cent 



1 

13 

none 

4 

5.37 

5.15-5.81 

12.5 

0.1 

128 

125-130 


61 

AcCh, Phys 

13 

5.82 

5.14-6.81 

12 ' 

0.1 

ns 

101-141 


25 

AcCh, Phys 

3 

6.05 

5.58-6.49 

13 

0.2 

lOS 

84-116 



LE 









12 

AcCh, Phys 

2 

5.82 

5.52-6.12 

14.5 

0.1 

109 

105-113 



FA 







i 

2 

13 

none 

4 

5.57 

5.14-6.01 

13 

0.1 

77 

72- 78 


61 

AcCh, Phys 

13 

6.09 

5.16-6.44 

13 

0.2 

75 

! 55- 91 


25 

AcCh, Phys 

3 

5.75 

5.17-6.19 

14 

0.1 

71 i 

, 66- 75 


12 

AcCh, Phys 

2 

6.06 


14 

0.2 

71 

70- 72 



FA 








3 

13 

none 

4 

6.69 

6.10-7.38 

15 

0.2 

81 

! 78- 82 


61 

none 

13 

6.83 

5.82-7.48 

14 

0.2 

74 

59- 90 


25 

none 

3 

5.89 

4.95-6.70 

14 

0.2 

78 

73- 82 


12 

none 

2 

6.50 

5.99-7.00 

14 

0.1 

74 

72- 75 

1 

4 

13 

none 

4 

6.56 

5.84-7.33 

15 ^ 

0.2 

1 

73 

71- 74 


61 

none 

13 

6.84 

5.89-7.30 

14.5 

0.2 

74 

61- 89 


25 

LE 

3 

6.74 

6.62-6.89 

14.5 

0.1 

81 

74- 84 

. 

12 

none 

2 

6.57 

6.32-6.82 

14.5 

0.1 

78 

j 76- 80 


muscular injection of two units of liA'^er extract. Throughout this 25-daj'' period 
no significant changes AA^ere noted. 

In order to test the possible effect of folic acid on the blood constituents the 
experimental dogs AA^ere placed on a final 12-day period during AAfiiich the}^ received 
daily an intramuscular injection of Iaa'o mgm. of folic acid in addition to their 
usual acetylcholine and physostigmine. This procedure also proA'^ed fruitless; no 
significant changes AAure noted in an^^ of the collected data. 

The combined data on the four dogs for these experimental periods are shoAAm 
in table 3. Although there AA-as considerable variation in the red cell counts from 
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day to daj’-, no trend toward anemia Avas discernible. The esterase data likeAwse 
showed a variabihty over the three-month period but no trends AA^ere established. 

A second series of experiments Avas carried out to test the A'^alidity of the thesis 
that folic acid and liA’'er extract hastened the generation of plasma CliE. In this 
series the regeneration of plasma ChE AA^as folloAA'ed after the enzjTne had been 
reduced to Ioav leA'-els bj^ doses of DFP. Of the four dogs gh'-en DFP, tAA^o AA^ere 
aUoAA'^ed to continue AAdthout further treatment, one AA'as giA^en a daily injection of 
tAvo mgm. of folic acid, and one AA'as giA’^en a daily injection of tAVO units of liA^er 
extract. The contour and time course of the recoA'^eiy curA'es of plasma ChE in 
the dogs receiving liA’-er extract and folic acid did not differ from those of the con- 
trol dogs. The cuiwes are sIioaa'u in figure 1. 


PLASMA CHE REGENERATION 
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DISCUSSION 

Although the experiments are limited in number, these results do not support 
the idea that the CliE activity of both.nonnal and ChE-depleted plasma may be 
affected in vitro b}’- either folic acid or liver extract. Indeed, it seemed unlikely 
that a protein enzj’-me could be generated from precursors by incubation, but the 
possibility remained that folic acid or liver extract might act as ChE activators. 
This possibility has been discounted in the present experiments. 

That the plasma ChE actiAuty of normal dogs and of dogs AAuth plasma ChE 
seA’-erely depleted bj'- DFP maj^ be influenced by parenteral administration of liver 
extract and folic acid is likeAAUse not supported by the present experiments. 
Further stud 3 ’- maj-- be necessaiy to resolve the discrepancy'- betAveen these and 
other published observations (3-5), but it is doubtful that Ih’-er extract or folic 
acid AA-ill proA’-e valuable therapeutical^ for augmenting ChE activity in cases of 
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poisoning with anti-ChE compounds. The reason for the discrepancy between 
our results and others is not obvious, for differences m methods of ChE determina- 
tion are* not recognized as giving such Avidely divergent results, at least in serum 
and eiytlu-ocytes. The ChE activities AA^hich Ave encountered Avere such that they 
lay in a range of our method sufficiently sensitive to make impossible a failure to 
detect increases of the order claimed by preAuous Avorkers as due to liver extract 
or folic acid. Further, this circumstance also prevented small fortuitous changes 
from appearing as large percentage changes. Hoav these matters stand AAuth the 
titrimetric procedure used by others in this particular problem is difficult to assess 
from the published data. Hence, we can offer no explanation for the discrepancju 
Considerable A'^ariation Avas noted in the erythrocyte counts of the control and 
experimental animals, but no trend tOAvard anemia Avas discernible as a result of 
acetylcholine and physostigmine administration in doses reportedly effecth’-e in 
this respect. Although choline feeding (4) was not employed in these e.xperi- 
ments, the consistently negative character of the results in the problem as a Avhole 
does not lead to the exyiectation that choline might produce anemia or reduction 
in ChE actmty. In this respect, other investigators (7) have been unable to 
produce a macrocjdic anemia in dogs fed choline or choline and fat. 

These considerations do not support the h3T3othesis that the acetylchofine- 
ChE mechanism is concerned AAuth erythropoiesis. Recently published results of 
other investigators (2) in patients AAuth pernicious anemia have proven that ChE 
is not concerned Avith eiythropoiesis. Indeed it is much more logical to expect 
that any increase in the plasma ChE activit 3 ’- in patients treated for pernicious 
anemia is a resultant of recoA’^eiy and not the cause of it. 

CONCLUSIONS 

1. Liver extract and folic acid in vitro and in vivo do not increase plasma ChE 
actmty in normal or plasma ChE-depleted dogs. 

2. Parenterally administered acetylcholine and physostigmine do not induce 
^erythrocyte or hemoglobin changes suggesting anemia in dogs. 
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Tbe cortical representation of autonomic functions has been the subject of a 
number of recent investigations, which ma}’' be roughlj^ classified under the follow- 
ing categories: a) studies of the autonomic effects of electrical cortical stimula- 
tion; h) studies of the autonomic effects of well-defined ablations; c) the recording 
of action potentials from the brain surface during stimulation of the vagal nerve; 
d) neurohistological studies of the intracerebral pathways to establish the rela- 
tions of the allocortex with the h 3 '^pothalamic centres. 

Most experiments can be classified under the first heading. Although thej’’ all 
yield evidence of a cortical component in the regulation of autonomic functions, 
the use of different experimental animals often makes it difficult to compare the 
results as regards the exact location of such cortical action. Also, the information 
gained in tliis way is far from being unequivocal. Thus, Hoff and Green (1), 
investigating the anterior and posterior sigmoid gjn-i in cats under ether anes- 
thesia, obseiwed an elevation of blood pressure in response to electrical stimula- 
tion of this area, together with a dilatation of the pupils. This was confirmed in 
later experiments (2), in which, moreover, a simultaneous diminution in kidney 
volume and an increase in limb volume could be recorded, suggesting that a sliift 
of blood from the visceral to the muscular bed is the underljdng mechanism for 
the corticall}'^ induced blood pressure rise. Similar blood pressure responses were 
obtained b}'' Crouch and Thompson (3) from the anterior sigmoid in cats (Dial, 
nembutal, ether anaesthesia). In dogs, however, they obseiwed mainlj'- a fall in 
blood pressure, while Spiegel and Hunsicker (4) obtained the blood pressure fall 
also in cats (ether anaesthesia). An earlier publication bj^ Dusser de Barenne 
and lOeinknecht (5) described a fall in blood pressure upon stimulation of the 
motor cortex in cats, dogs and rabbits, while in 1942 Siao-Hsi et al. (6) again could 
obtain onl}'- depressor effects following stimulation of this area in dogs under 
ether-chloralose anaesthesia. Also, in further contrast to Hoff and Green’s' ob- 
sei'vations, thej'- found the kidney volume increased. Bucy and Case (7), in a 
study of the cortical inneiwation of respiratory movements, mention rather in- 
constant blood pressure changes. One maj’’ conclude, while accepting the evi- 
dence of a vasomotor function of the sigmoid gjui, that we have no reliable 
information as to its exact character. 

In this studj'’ concerned with the vasomotor effects of cortical stimulation, 
mention should be made also of blood pressure effects obtained from areas other 
than the sigmoid gju-i. Hoff and Green (1) reported the presence of depressor 
joints, diffuselj^ scattered over the convexity of the hemispheres in cats, and 
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of a pressor area in the superior precentral cortex in the macaque. Smith (8), 
Avho located an inhibitory effect on respiration in the lateral part of area 6 (cats, 
dogs) or 6b (monkey), stated that such inhibition was usually accompanied by a 
marked rise in blood pressure (ether anaesthesia). Bailey and Sweet (9) found 
the blood pressure noticeably raised upon stimulation of area 13 on the orbital 
brain surface of the macaque and of a similar region in the cat’s brain (nembutal 
anaesthesia). This area had been previously described by Bailey and Bremer 
(10) as the sensory cortical end station of vagal neiwe impulses. 

The discrepancies in vasomotor responses obtained by the different authors 
upon stimulation of identical areas on the brain surface may find their explana- 
tion in the variability of a number of factors. Of these, some are unrelated to the 
animal itself, such as the Idnd of anaesthesia used, the depth of anaesthesia, the 
tjqDe of stimulation applied, and the strength of stimulation. Other factors are 
directly related to the animal, such as species and age, the general physiological 
state of the animal, especially with regard to the activity of the gastro-intestinal 
tract, the initial blood pressure at the start of the e.xperiment, and the excitatory 
state of the brain surface which maj’’ change considerably during the course of 
the experiment. 

In this study, the usefulness of a different type of stimulus, the local application 
of acetyl-beta-methylcholine, has been investigated and compared with that of 
electrical stimulation. 


METHOD 

All dogs, of different race, age and sex, received their last feeding in the evening 
previous to the day of operation and experimentation. ■ Anaesthesia was induced 
by intraperitoneal injection of Dial, 45 to 50 mgm. per kgm., usually administered 
in two or three separate doses before the operation in order to avoid too deep an 
anaesthesia. In two dogs Na-amytal, 50 mgm. per kgm., was used. ' 

Alter ligation of both common carotids, the frontal, parietal and most of the 
occipital and temporal lobes were exposed on either the left or right side, while 
in the majority of cases, one ej'^e was enucleated in order to provide a better 
approach to the orbital brain surface. Before the dura was opened, one common 
carotid was connected with a mercury manometer, a 7 per cent Na-citrate solution 
being used as mediator between blood and mercuiy column. From the moment 
the dura was opened, the brain surface was kept wet by application of Avarm 
Ringer’s solution. 

In coagulating the connections of pial vessels with the sagittal sinus, the use 
of a monopolar ‘Highfrecator’ needle proved to be of great advantage; for such 
purposes this simple instrument must be considered far superior to the generally 
used electrocoagulator of loAA’'er frequency, as supplied with electrosurgical 
units. 

In seven dogs the cortex was stimulated faradically with bipolar copper Avire 
electrodes 1 mm. apart, AA'hile the current AA'as supplied by a 3-volt battery, con- 
nected AABth a Haiward inductorium, using a coil distance varying betAA'een 5 and 
8 cm. Each stimulation lasted from 10 to 15 seconds. In four dogs the cortex 
Avas stimulated Avith a 2.5 per cent solution of acetyl-beta-methylcholine, applied 
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by means of minute pieces of filter paper soaked Avith this solution. The dura- 
tion of the application A^aried from 40 seconds to 2 minutes. 

RESULTS 

In six of the animals, anaesthetized Avith -Dial, blood pressure effects Avere easily 
obtained from either the anterior or posterior sigmoid gyrus or from both. A 7-8 
cm. coil-distance of the Han’-ard inductorium proAuded an appropriate stimulus 
to proAmke the effect from a fairly limited area. Stronger stimuli often elicited 
Amsomotor responses from a far larger region, extending laterally into the coronal 
and ectosyhdan gyri. The latter responses Avere usualb'- accompanied by strong 
moAnments of the limbs and trunk, sometimes resulting in Augorous movements 
of the entire body. Therefore it AA'as decided to consider only the effects of the 
Aveaker stimuli, Avith a coil distance of 8 cm. These, as Avell as the responses to 
stronger stimuli, abvays demonstrated themselves as a fall in blood pressure (fig. 
2). The folloAAung characteristics Avere observ'ed. Usually the depressor effect 
amounted to 15 to 20 mm. Hg, AA'liile in case of a high initial blood pressure a 
greater drop might occasionally be obsen'^ed, not exceeding 30 to 35 mm. Hg. 
The drop started abruptly after a latent period A^arying betAveen 0 and 9 seconds. 
It reached its loAA’est point AA’ithin six seconds, but Avould never remain there for 
more than 2 to 3 seconds. From there it returned to its former level, in such a 
AA'ay that the more this aa'rs approached, the sloAver the rise aa'ouW be. The AA’hole 
phenomenon lasted from 20 to 25 seconds and Avas not influenced noticeably by 
the duration of the stimulus. Often upon stimulation of the sigmoid gyri, A’^ery 
slight moAmments of one of the opposite limbs AA^ere obserA^ed, AA'hile stimulation of 
the frontal part of the gyrus compositus anterior elicited rh5’tlimic moA'cments 
of the jaAV Avith great regularity but AAdth a considerable latency. Also from the 
latter area, the respiration AA-as inhibited, Avhile from the motor area the respir- 
ator}’- movements Avere intensified and accelerated. The results of the experi- 
ments in dogs I, V and VI are recorded in draAA'ings of the stimulated areas in 
figure 1. 

In dog VII a different anaesthesia AA'^as used, i.e., Na-amytal 50 mgm. per kgm. 
In this animal the respiratory effects were as easily obtainable as in the previous 
dogs. For vasomotor responses, hoAA'ever, stronger stimuli had to be used (coil- 
distance 5 to 6 cm.), and responses AA'ere evoked from a much AAuder area. Also, 
although never exceeding a rise of 5 mm., an elevation of blood pressure was 
observed equally as often as a drop, the latter usually being more pronounced 
than the former. Altogether it shoAA’’ed the picture of a loAA-ered excitability for 
vasomotor responses which, AA'hen obtained, AA'ere inconstant and not sharplj’^ 
limited lo one area, as compared AA'ith dogs under Dial anaesthesia. Figure 1 
illustrates the findings in tins animal (dog VII) , although the draAAung should not 
be compared AAdth those for the other animals, since the stimulation was stronger 
and the responses Aveaker. 

In an attempt to find a more physiological stimulus than those hitherto used, 
seA’^eral chemical compounds AA’^ere applied to the brain surface during the course 
of tAA'o of these experiments. The following were used: adrenaline, ephedrine, 
strj’^chnine, prostigmin, and acetyl-beta-methylcholine. Only acetyl-beta- 
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methylcholine evoked a marked vasomotor response, and it was considered to be 
of importance to investigate the possibilities and characteristics of this substance 
as a cortical stimulant in the study of blood pressure regulation. 

In three animals anaesthetized with Dial, and in a fourth one anaesthetized 
with Na-amytal, it was demonstrated that this drug, if applied in a concentration 
of ten per cent, produced a marked depressor effect from a wide area. Concen- 
trations of 2.5 per cent would still yield a marked response, but the action became 
very closely limited to a small surface region. Concentrations lower than two 
per cent usually remained without effect in the investigated areas. Therefore 



Fig. 1. Blood pressure effects in response to faradic cortical stimulation. The draw- 
ings show the stimulated area around the cruciate sulcus in dogs I, V and VI (Dial-anaes- 
thesia) and in dog VII (Na-amytal anaesthesia). 

0 means: no blood pressure response; -f- means: elevation of blood pressure; —means: 
fall of blood pressure. 

in the following experiments a concentration of 2.5 per cent has been used without 
exception. 

Two responsive areas were located: one in the posterior sigmoid gyrus near 
the midline (figs. 3 C, 4 C, 5 I, 7 C), the other in the anterior ectosylvian gyrus 
(figs. 6, 7 M). There was always a conspicuous drop in arterial pressure. The 
following characteristics could be observed; the depressor effect varied between 
30 and 50 mm. Hg; the drop started abruptly, sometimes immediately preceded 
by an inconspicuous rise (fig. 6) after a latent period, varying between 25 to 40 
seconds. During this drop, pronounced vasomotor waves of the third order^ 

* The term 'third order waves’ designates wave-like changes in the carotid blood pressure 
curve as compared to the ‘first order’ and ‘second order’ waves, respectively, representing 
the heart beat and the respiration. The first order waves are superimposed on the second 
order waves; the first and second order waves are superimposed on the third order waves. 




Fig. 2. Chabacteristic blood pressure responses to bipolar faradic stimulation in 
a Dial-anaesthetized dog (dog III). 

Fig. 3. Characteristic effect with third order waves obtained by acetyl-beta-methyl- 
choline application to responsive area C. Similar or electrical stimulation of areas E and 
F remains without eSect (,dog A same as in fig. 4). 

Rg. 4. Blood pressure changes in response to local applications of acetyl-beta- 
met y choline, prostigmin, prostigmin -J- acetyl-beta-methylcholine, adrenalin. The 
tracings are continuous. The capitals above the tracings correspond 
'''i t e omonymous spots on the drawing of the cerebral cortex. Note that only C is 
^ponsive to acetyl-beta-methylcholine and that this response is considerably prolonged 
chanpl'^ application of prostigmin, while adrenalin fails to elicit any blood pressure 

6 • the appearance of third order waves is clearly visible {dog A) . 
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Fig. 5. Upper and lower tracings are continuous. The response from area A is 
probably due to stimulation of that part of the cortex which borders the cruciate sulcus 
posteriorly. A stronger effect was obtained from area I (dog C). 

Fig. 6. Stimulation op anterior ectostlvian gthus with acetyl-beta-methylcholine 
and prostigmin (dog C) . 

Fig. 7. The two upper tracings were continuous. Responsive areas are found in 
C and M. Compare the effect of acetyl-beta-methylcholine stimulation with that of elec- 
trical stimulation of area C in the upper and middle tracing (dog D). 


appeared with great constancj^ at a rate of about one per 40 seconds. The low- 
est pressure level was reached in either the first or the second wave. Usually at 
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least three waA'^es could be recorded. The blood pressure then sloAA'ly returned 
to its former level. The Avhole phenomenon lasted from 2 to 3 minutes. A 
second application, rapidl.y succeeding the first one, produced a somew'hat longer 

lasting effect, Avhich may haAm been due to local cumulatiA'e action or to facilita- 
tion (fig. G). 

In all expeiiments the response Avas markedly restricted to a Avell circumscribed 
aiea. Immediately adjacent spots remained completely silent, CA'^en AA'hen re- 
peatedly stimulated. MoreoA’’er, the responses were much more pronounced 
than those obtained by electrical stimulation of the same regicn. 

In 01 del to proAude further proof for the cortical action of the drug, prostigmin 
salicylate poAA’der Avas applied to the responsiA'e spots. Although this substance 
did not evoke any A'asomotor response, it Avas able to enhance and prolong con- 
spicuousl}'’ the action of consecutiA'ety applied acetyl-beta-methylcholine. On 
the othei hand, locally applied pontocaine-HCl crystals could forestall and 
abolish the acetyl-beta-methylcholine effect. 

It AA as further observed that, due to factors somehoAV related to the exposure, 
t e biain surface shoAved considerable changes in its physiological state AA’ithin 
one to one and one half hours after the dura had been opened, notAvithstanding 
^e fact that the cortex Avas kept AA'et continuously Avith Ringer’s solution. 

ither all responses Avould disappear, or, as happened in one case, responses Avere 
0 tamed fiom almost any point on the exposed surface, preAuously silent, AA'hile 
freshly exposed parts still behaved normally. 

One animal was anaesthetized Avith Na-amytal (Dog D). Here acetyl-beta- 
methjdcholine shoAA^ed the same effect, Avith the restriction that the blood pressure 
e to a lesser degree, although the duration of the phenomenon remained the 
same, as compared AAuth the other experiments. 

DISCUSSION 

IiVhen the vasomotor action of bipolar faradic stimulation Avas compared Avith 

rat 0 local application of acetyl-beta-methylcholine the folloAAing facts Avere 
noted: 



FAl^ADIC 

acetyl-beta-methylcholine 

latent period 

6 to 9 seconds 

25 to 40 seconds 

effect 

drop in arterial pressure 

drop in arterial pressure 
appearance of third order 
Avaves 

character of drop 

abrupt 

abrupt 

difference between highest and 
lowest level 

15 to 20 mm. Hg 

30 to 50 mm. Hg 

site of action 

fairly well restricted to cir- 
cumscribed area 

restricted to more sharply 
defined and smaller area 

duration of the phenomenon 

20 to 26 seconds 

2 to 3 minutes 
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The difference in duration between the effects of both types of stimulation is of 
special interest, since continuation of the faradic stimulus did not appreciably 
prolong the effect. Tor that reason, the much longer-lasting response to acetyl- 
beta-methylcholine application cannot be attributed merely to a difference in 
duration of the stimulus; and although it is quite impossible to determine exactly 
the termination of the latter, it seems very likely that it involves a different 
mechanism than the former. This is further suggested by the appearance of 
vasomotor waves of the third order. 

In this respect mention should be made of the work of Brenner and Merritt (11) 
and Forster and McCarter (12, 12a), who both draw attention to the similarity 
between the action of choline derivatives on the electrical activity of the cortex 
and the characteristic phenomena of cortical activity in epileptic patients. In 
1937 Fiamberti (13) had produced generalized convulsions in man by means of 
intracisternal injections of acetylcholine. Williams (14) obseived increased ab- 
normal activity of the electroencephalogram upon intravenous injection of 
acetylcholine in epileptic patients. 

Miller, Stavraky and Woonton (15) found no changes in the rabbits’ electro- 
encephalogram after injection of one per cent acetylcholine unless the animals 
were physostigminized. Brenner and Merritt (11) showed that this concentra- 
tion was too low to be effective but that definite responses could be obtained with 
concentrations above 2.5" per cent. In cats, they also determined the liminal 
concentrations for acetyl -beta-methylcholine (1.5 per cent) and for carbamyl- 
choline (0.3 per cent). 

Local applications of acetylcholine to the cat’s cortex (Chatfield and Dempsey, 
16) were ineffective in a concentration of one per cent as shown in electrocortico- 
graphic studies of the somesthetic areas. In similar studies of the acoustic 
cortex in cats, Forster and McCarter (12) found acetylcholine highly effective in 
concentrations of 5 to 10 per cent. They made an interesting comparison with 
the cortical phenomena in epilepsy and their obser\ration of self-continuing, inter- 
mittent, rapid electrical discharges (‘Ach. discharges’) may possibly explain the 
long-lasting effect of acetyl-beta-methylcholine in the experiments presented here. 

From these data it would appear that acetylchohne, whether applied locally or 
administered systemically, increases the normally existing activity of the cortex, 
and one may apply this conclusion also to the action of acetyl-beta-methylcholine, 
since this drug differs pharmacologically from acetylcholine only in the respect 
that it is more slowly inactivated by cholinesterase. 

Does this mean that the constantly obtained depressor effect reflects the true 
function of the cortical areas studied? It is thought that it does, but vdth the 
restriction that this function is conditioned by the actual status of the entire 
organism. In this respect one may regard as deciding factors a) the initial blood 
pressure, which in these experiments was above normal, probably because of the 
ligation of both common carotids; and 6) activity or resting state of the gastro- 
intestinal tract. In these experiments, the animals had received no food for at 
least 12 hours; thus the gastro-intestinal tract was left fairly inactive, and favour- 
able conditions were provided for a shift of blood from the muscular to the 
visceral bed. 
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It is, hoAvever, quite conceivable that under different conditions, as for instance 
a low initial blood pressure, the true regulatory function of the cortical centres 
would have demonstrated itself in a pressor response instead of the drop obser\’^ed 
here. 

Finally, a selective influence of the anaesthetic upon one phase of the cortical 
regulator}'- action must be considered, but should not be overemphasized as an 
explanation for experimental controversies. Up to the present, data concerning 
such influence have been rather contradictory, often obtained without due consid- 
eration of the many other varying factors which have been discussed above. In 
our experiments, the slight vasopressor effects olDseiwcd in one animal anaesthe- 
tized with Na-amytal may possibly be regarded as the initial rise of an abortive 
drop, Avhile their absence in Dial anaesthetized preparations certainly does not 
mean that the anaesthesia had abolished pressor responses, as these could still be 
obtained without difficulty from the hypothalamic centers. 

summahy 

In experiments on 11 dogs, the usefulness of acetyl-beta-methylcholine as a 
cortical stimulant in the study of cortical blood pressure centers has been investi- 
gated and discussed. 

Acetyl-beta-methylcholine proved to evoke a clear response from two circum- 
scribed cortical areas ; one in the motor cortex, the other in the anterior ectosyl- 
vian gyrus. 

The response demonstrates itself by a drop in arterial pressure of 30-50 mm. 
Hg, with a latency of 30 to 40 seconds and a duration of 2 to 3 minutes, further 
characterized by the appearance of vasomotor waves of the third order. 

Simultaneous application* of prostigmin prolonged the effect considerably. 
The use of Na-amytal as a general anaesthetic instead of Dial affected only the 
stimulability of the cortex, but did not change the character of the blood pressure 
response. 

Acetyl-beta-methylcholine may be considered to be a useful cortical stimulant, 
since it probably approaches the ideal physiological stimulus more than , does 
electrical faradic stimulation. 
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Knowledge of biologically active chemical constituents of the central nervous 
system, possessing a possible significance for cerebral function itself and for the 
principles of psychosomatics and psychochemistry, is very scant and fragmentary. 
Vasodepressant substances have been extracted from the brain by several in- 
vestigators (1-6). Their chemical nature has not been identified, but it is cer- 
tain that at least one of them is not identical with either histamine, choline or 
adenylic acid. Von Euler (6) believes that the 'substance P’, described by him, 
is a protein. All authors found the highest concentrations of vasodepressant 
substances to be present in the basal ganglia (1, 2, 3, 5). 

Other biologicallj'^ active substances Avhich appear to be closely related to, or 
even identical with, posterior pituitary hormonal fractions have been demon- 
strated in the tissue of the hypothalamus: the oxj’tocic principle (7, 8) the anti- 
diuretic principle (8, 9) the blood-fat depressant principle ('lipoitrin,’ 10) and the 
pigment hormone (11, 17). 

The only statement regarding sympathomimetic vasopressor material in the 
brain has been made by von Euler (30), who found a very small amount of it in the 
brain of a calf and believes that it originates in vasomotor neiwes, accompany- 
ing the brain vessels. 

Numerous pubheations are concerned with the presence in the cerebrospinal 
fluid of biologically active material which is being attributed, in most instances, 
to secretory discharges from the posterior pituitary lobe. The following effects 
were found to be elicited either by the native cerebrospinal fluid or by extracts 
made from it: contractions of the uterus (12-15), stimulation of the intestines 
(16), inhibition of diuresis (15), expansion of melanophores (13, 17, 51) and eleva- 
tion of the blood pressure (15, 16, 18, 19, 20, 26, 40). Stimulation of the hypo- 
thalamus is believed to be followed by an accumulation of pitressin or similar 
substance in the ventricular fluid (21). Most investigators agree that the high- 
est concentrations of the respective active principles are present in the ventricu- 
lar and cisternal fluid, while the lumbar fluid contains much smaller amounts, if 
any. 

Page (20) described a vasopressor substance Avhich he obtained through alco- 
holic extraction from ventricular and cisternal fluid of animals and man. He 
designated it as ‘C.E.A.’ (central excitatorj'’ agent). 

^ This study was aided, in part, by a grant from the John and Mary R. Markle Foun- 
dation. 
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Using a slight modification (22) of Shaw’s (23) colorimetric method for the 
determination of epinephrine and related compounds, the writer has found a 
substance with epinephrine-like chromogenic and adsorbabilitj’’ properties in the 
brains of rats (24)- and later in the brains of other mammals and humans, and in 
the human cerebrospinal fluid. 

In the following, the results of quantitative and -qualitative colorimetric and 
pharmacological studies of this substance are reported. The term ‘encephalin’ 
will be used to distinguish it from epinephrine and sympathin. 

METHODS 

Colorimetric determination of enccphalin. Fresh brains were carefullj'’ freed of 
meninges and grosslj’- discernible blood vessels, including the choroid plexus. 
Sections from various parts of the brain, weighing around 800 mgm., sections of 
the cerebellum, cord, choroid plexus and whole pituitary glands were ground with 
Ottawa sand in 10 per cent trichloroacetic acid, filtered, and the filtrates wUrked 
up as described elsewhere (22). For average values of the entire brain, the 
cerebellum and the posterior half of the pons were removed, the hemispheres were 
ground in a Waring blender and about 800 mgm. of the resulting mash were 
used for analysis. 

Lumbar fluids from live persons and cisternal fluid from cadavers (4 cc. each) 
were worked up in the same way as the brain filtrates (22). Also protein-free 
brain dialyzates, redissolved dry evaporation residues, adsorbates and eluates of 
various types (see below) were analyzed in the same fashion, going through both 
adsorptions by Al(OH )3 at pH 4.0 and 8.5. The acid Al(OH )3 adsorption process 
was omitted, however, when aqueous solutions of epinephrine or arterenol (nor- 
epinephrine) were analyzed for comparison. 

The colorimetric encephalin readings are expressed in gamma equivalents, each 
gamma equivalent corresponding to the color effect of one gamma of epinephrine. 

Isolation and purification of encephalin from brain tissue. This was done essen- 
tially by dialysis adsorption and elution. At first the dialyses were carried out 
according to the method described by 0. Loewi (27) and by Cannon and Lissak 
(28). Brain tissue was ground with sand; distilled water (3 cc. per gram of brain) 
was added; dialysis followed for four hours in a shaking apparatus in special 
dialysis cups through a cellophane membrane against equal amounts of distilled 
water. The dialyzate was then evaporated in a desiccator at room temperature. 
The dry residue was redissolved in distilled water (6 cc. for 10 gram of fresh 
brain). A¥ith this piocedure 46-51 per cent of encephalin was recovered from 
the brain. 

To obtain larger quantities the fresh brain mash was placed in cellophane tubes 
which were tied at the ends. These ‘sausages’ were immersed in a volume of 
n/100 HCl, ^ounting to three times the weight of the brain mash and, with 
occasional stirring, they were kept in the refrigerator for 24 hours. Then they 
were tra nsferred into n/100 HCl, using half the amount of the first volume. 

= This material was originallj' believed to consist of ‘adreno-cortical’ compounds a con- 
ception which was later abandoned ( 38 ). ’ 
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After another 24 hours in the refrigerator, the clialyzates were pooled, filtered, 
placed in bottles with rubber caps (250 cc. in each), frozen and evaporated to 
dryness. This latter process, which was carried out by the Vermont Red Cross 
Blood Banlc, required about three days. 

The dry residue which is rather lygroscoi^ic was kept in the refrigerator in 
tightly closed flasks. Weighed aliquots were dissolved in water for colorimetric 
assay and pharmacological testing, this procedure yielding 66-70 per cent of the 
encephalin contained in the fresh brain. 

Since the dialyzate residue proved to contain disturbing b3’^-products, attempts 
were undertaken to obtain encephalin in greater purity. Various adsorption and 
subsequent elution procedures were tried with the diy residue of the diatyzate 
after it had been redissolved in water. Successive adsorptions bj’" Al(OH)3 at pH 
4.0 and 8.5 carried all the encephalin into the alkaline adsorbate, but efforts to 
set it free again through acidification rvith HCl juelded onty 20-25 per cent. 

Adsorptions to nonsoluble adsorbents (kaolin, fuller’s earth, carbon) at pH 4.0 
and 8.5, and subsequent elution from the adsorbates with HCl eliminated most 
of the disturbing impurities, but the jdelds of encephalin too were poor (table 1). 
Alcohol and ether extracts made from brain mash were likewise unsatisfactoiy, 
giving very low yields (1-11 per cent) and eliciting disturbing and sometimes 
fatal side-effects (deep fall of blood pressure, cardiac standstill). 

The following procedure pennitted recovery of up to 80 per cent of the encepha- 
lin. One gram of the dry residue of the acid dial3’'zate (see above) is dissolved in 
8 cc. of water plus 4 cc. of Al(OH)3, prepared according to Shaw (23), the pH is 
adjusted to 4.0 with 1.5 cc. n/1 HCl and the suspension is centrifuged at 3000 
r.p.m. for about five minutes. To the decanted supernatant fluid one gram of 
fuller’s earth (heated at 500° for 12 hours) is added. The suspension is stirred 
and centrifuged for about 10 minutes. To the decanted supernatant fluid a 4 
per cent NaOH solution (about 1.4 cc.) is added to bring the pH to 8.5, and one 
gram of fuller’s earth. After centrifuging for about 10 minutes, one gram Norit 
(decolorizing carbon) is added to the decanted supernatant fluid and the suspen- 
sion is filtered. For storage purposes the filtrate is brought to pH 4.0 bj'" adding 
n/1 HCl (about 0.6 cc.). The encephalin concentration of the filtrates thus 
obtained ranges between 1 and 3 gamma equ. per cc. 

The main disadvantage of this procedure is the fact that the final solution 
contains potassium salts, amounting to 3-10 mgm. of potassium per gamma 
equivalent of encephalin. Attempts to remove the potassium bj^ treatment with 
tartaric acid or chloroplatinic acid were unsuccessful insofar as ^spiiiiost of the 
encephalin was removed or destroirnd. 

Finalbq the following procedure Avas adopted which jdelded not more than 25 
to 30 per cent of the encephalin but Avith AA'hich only 0.3 to 0.5 mgm. of potassium 
per gamma equwalent of encephalin remained in the ultimate eluate. The first 
steps are the same as outlined in the preceding paragraph. To the fluid decanted 
after the first centrifuging, another 4 cc. of Al(OH )3 are added and about 2 cc. 
of 4 per cent NaOH, to bring the pH to 8.5. After centrifuging for 5 minutes the 
supernatant fluid is discarded, 5 cc. of AA'ater are added to the sediment, the 
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sediment is thoroughly stirred up with a glass rod and the suspension is again 
centrifuged for 5 minutes. After discarding the supernatant fluid, 2 cc. of 3 
per cent NaH 2 P 04 are added to the sediment and the latter is again stirred up. 
Eight drops of n/1 HCl are added to bring the pH to 5.0. After 15 minutes the 
suspension is centrifuged and the supernatant fluid is decanted and placed in a 
closed flask for cold storage. For injection purposes it can be neutralized with a 
few drops of saturated sodium bicarbonate solution. (For colorimetric assay 
(22) 0.25 cc. of the encephalin solution plus 2.2 cc. of water are placed in a test 
tube and worked up like any specimen having reached the last phase before 
addition of 0.35 cc. of 4 per cent NaOH. The colorimeter reading must be 
multiplied with 8 to obtain the concentration of encephalin per cc.) 

Pharmacological tests. The effect of encephalin on the blood pressure was tested 
on atropinized (1 mgm/kgm.) cats under nembutal anesthesia (35-50 mgm/kgm.) 
and artificial respiration. The completeness of atropinization was usually 
checked by the failure of the blood pressure to fall after injection of acetylcholine 
(0.01 mgm/kgm.). The adrenal glands Avere tied off, the blood pressure Avas re- 
corded AAnth a mercury manometer from the carotid or femoral artery and intra- 
venous injections AA^ere given into the femoral A'^ein. 

The dosage of encephalin AA’^as calculated from the results of colorimetric de- 
terminations carried out in the respective solutions. It AA’as expressed in gamma 
equivalents and compared AAuth the effects of equal amounts of epinephrine and 
arterenol (nor-epinephrine, probably identical AA’ith sympathin, (29, 30)) under a 
variety of conditions. The folloAAung drugs AA'ere used: adrenalin hydrochloride 
(1:1000), Parke, Davis; dl-arterenol (nor-epinephrine), AAEich AA’as kindly sup- 
plied by Dr. M. L. Tainter of the Sterling- Winthrop Research Institute; 1- 
Corbasil (dihydroxy-nor-ephedrine) for AA'hich AA^e are indebted to the FarbAA’-erke 
Hochst, Frankfurt a.M.; tyramine (Burroughs, Wellcome & Co.); atropine sul- 
phate (Parke, Davis); acetylcholine bromide (Eastman Kodak); gynergen 
(Sandoz); cocaine and dibenamine hydrochloride for AAKich AA^e AA’ant to thank 
Dr. W. Gump of Givaudan-DelaAA'^anna Chemical Laboratories. 

RESULTS 

(1) Identity of colorimetrically and biologically tested ?naterial. Since the colori- 
metric and the pharmacological results of this study AA^ere largely correlated, it 
seems advisable to give a brief introductory account of those findings AAdiich 
definitely suggest the identity of the colorimetrically determined chromogenic 
and the biologicallj’- active material under consideration (encephalin). 

(a) The quantitative colorimetric and Amsopressor effects of equal amounts of 
brain diah’-zate (crude or purified) AA-^ere practically identical as long as fresh 
material AA’as used (see section 2, fig. 1). Similar conditions prevailed regarding 
the effect on the rabbit’s intestine and cat’s uterus (sections 9, 10). 

(b) The recoveries and losses of chromogenic and vasopressor efficiency of en- 
cephalin solutions (as tested against epinephrine standards), AA’hich occurred 
during AWious adsorption procedures and elutions (Al(OH) 3 , fullers earth, 
kaohn), shoAved a close parallelism (fig. 2). Blood pressure effects could be 
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approximatelj'’ predicted from tlic calculated encephalin concentrations. A short 
fall of the blood pressure, preceding the characteristic rise which occurred with 
the injection of encephalin, adsorbed by and again eluted from Al(OH)3 (fig. 2), 
was possibly due to contamination with traces of aluminum. 

(c) The degree of resistance to destruction through boiling with alkali and 
through iodine was approximatelj’- analogous regarding the chromogenic and 
vasopressor properties of encephalin (see sections 13, 14). 



1 Z 3 

Fig. 1. Cat, atropinized, adrenals tied, o) brain diab^zate (S gamma equ. encephalin); 
&) epinephrine (S gamma). 

Pig. 2. Cat, atropinized, adrenals tied. 1) epinephrine (1.5 gamma); 2) cow brain dialy- 
zate (1.5 gamma equ, encephalin, eluted from alkaline adsorbate to Al(OH )3 through 
treatment with HCl); 3) cow brain dialyzate (1.5 gamma equ. encephalin, crude). 

Pig. 3. Cat, atropinized, adrenals tied, o) arterenol (20 gamma); 6) cow brain diabzate 
(20 gamma equ. encephalin, crude); c) human brain diabzate (20 gamma equ. encephalin, 
crude). Initial falls of blood pressure due to ventricular fibi’illation induced by admixture 
of potassium. 

(2) Blood pressure effects. The blood pressure response of the cat to intra- 
venous injections of fresh encephalin was practically identical with that elicited 
bj'" colorimetrically identical, known doses of epinephrine and similar to that 
elicited bj'" analogous (weight for weight) doses of arterenol (fig. 1, 5a, 11). ff 
leached levels of 200 mm. Hg. (The chromogenic efficienc}'’ of arterenol was 
found to be onlj^ about one third of that of epinephrine. A blood pressure effect 
of arterenol, twice as strong as that of epinephrine as described by^ von Euler (30), 
was seen occasionally but not regularly.) 

In some instances the encephalin effect differed from the effect of epinephrine 
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or arterenol by being someniiat weaker or stronger (fig. 3, 5a, 12), occasionally 
also by forming a different shape of the cniwe apex (fig. 1 1) . A diminished height 
of the encephalin blood pressure curves was observed when old material was 
used. The blood pressure rises after larger doses of crude encephalin were often 
preceded by a deep fall of the blood pressure (fig. 3). This phenomenon is 
caused by the toxic effect upon the heart of potassium (contained in the encepha- 
lin solutions) ndiich elicits ventricular fibrillation. The vasopressor action of 
encephalin per se is not affected by the accompanying potassium as demonstrated 
by the inefficiency of the injection of equal amounts of potassium with equal 
speed (fig. 4). 

Equal amounts of encephalin, obtained from the cortex, the basal ganglia and 
the white matter of the brain, produced identical effects on the blood pressure. 

(3) Effect of cocaine. Pretreatment with cocaine (10 mgm/kgm. intramus- 
cularly), while strongly intensifying the vasopressor effects of epinephrine and 
arterenol in the usual fashion (29, 30), left the effect of encephalin unchanged or 
even weakened it (fig. 5a, b). 

(4) Effects of ergotamine and dibenamine. Pretreatment with ergotamine 
tartrate (4 mgm/kgm.) or with dibenamine hydrochloride (20 mgm/kgm. intra- 
peritonealljO inverted the blood pressure effect of epinephrine but only weakened 
the effects of arterenol (in confinnation of von Euler’s findings, 30) and of en- 
cephalin, without inverting them (fig. 6a, b, c). 

(5) Effect of decerebration and pithing. After decerebration and pithing the 
vasopressor effect of encephalin was considerablj^ weakened, as compared with 
that of epinephrine, but still distinctly present. 

(6) Effect on the cat’s pupil. The action of encephalin on the cat’s pupil, as 
compared with that of epinephrine, arterenol and corbasil (dihydroxy-nor-ephed- 
rine), was tested by injection into the carotid artery toward the eye, with the 
cervical sjunpathetic cut (fig. 7). While the effects of equipressor doses of 
arterenol and of corbasil were Aveaker than that of epinephrine, in agreement with 
von Euler (30), the effect of equipressor amounts of encephalin was both more 
intense and more prolonged than that of epinephrine. 

(7) Effect on the isolated frog’s heart. Perfusion of the isolated frog’s heart, 
according to the Straub technique, Avith insufficientlj'' purified encephalin in 
Ringer solution at pH 7.0 caused cardiac inhibition in concentrations as Ioav as 
0.1 gamma equ./cc., probably due to the presence of excess potassium. Practi- 
cally potassium-free encephalin A\'as ineffectiA^e in frog hearts the response of 
AAiiich to epinephrine AA^as also very poor. 

(8) Effect on the mammalian heart. Peiiusion of the coronarji' arteries of the 
isolated rabbit’s heart (Langendorff teclmique, oxygenated glucose Ringer solu- 
tion at 38°) AA'ith encephalin had a stimulating effect, eA'-en after the heart had 
come to a standstill (fig. 8). Electrocardiographic changes, elicited in the cat 
by the intravenous injection of potassium-free encephalin solutions, resembled 
those caused by epinephrine or arterenol, regarding deformation of the T AvaA^es 
and displacement of the S-T segment. They A\*ill be described in detail elseAvhere. 

(9) Effect on the isolated rabbit’s intestine. Rabbit’s duodenum, suspended in 
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a 25 cc. Ringer’s solution at 38°, was markedlj’- inhil^ited bj’' purified encephalin 
in a dilution of 1:10 million, and slightly in a solution of 1:20 million. The 
effect was similar to that of equal amounts of epinephrine (fig. 9 a-d). Cmde 
brain dialyzates, on the contrary, produced a stimulating effect. 
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Fig. 4. Cat, atropinized, adrenals tied. Effect on blood pressure of enceplialin solution 
containing 4 mgm. potassium per gamma equ., and of equal amounts of potassium alone 
(as KCl) : 1) enceplialin (1 gamma equ.) + 4 mgm. K (0.5 cc. injected in 1 second); 2)4 mgm. 
K (0.5 cc. injected in 1 second) ; 3) encephalin (2 gamma equ.) + 8 mgm. K (1 cc. injected in 
2 seconds) ; 4) 8 mgm. K (1 cc. injected in 2 seconds). 

Fig. 5a. Cat, atropinized, adrenals tied. 1) epinephrine (1 gamma) ; 2) human encepha- 
lin (1 gamma equ.); 3) cow encephalin (1 gamma equ.); 4) arterenol (1 gamma). 5b. Same 
cat 1 hour after 34 mgm. cocaine i.m. Same sequence and dosages as above. Encephalin 
effect weakened. 

Fig. 6a. Cat, atropinized, adrenals tied. 1) human encephalin (5 gamma equ.); 2) calf 
encephalin (5 gamma equ.); 3) arterenol (5 gamma); 4) epinephrine (5 gamma). 65. 30 
minutes after i.p. inj. of 20 mgm/kgm. dibenamine hydrochloride. Dosages as above. 
Effect of epinephrine inverted, of encephalin and arterenol only weakened. 6c. 10 minutes 
later. Each injection 10 gamma (or gamma equ.). Same t 3 ’'pe of reaction. 


(10) Effect on the isolated nonpregnant cat’s iderus. With a technique anal- 
ogous to that used for the isolated intestine, encephalin (4 to 8 gamma equ. in a 
25 cc. Ringer solution) was found to inhibit the cat’s uterus to a somewhat lesser 
degree than equivalent doses of epinephrine (fig. 10 a-c). The effect of crude 
brain dialyzates was ambiguous. 

(11) Adsorhahility and ehitability of encephalin. The adsorbability of encepha- 
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lin by Al(OH) 3 , kaolin, fullers’ earth and Norit (carbon) was, in general, very 
much like that of epinephrine and arterenol (table 1) except for some quantita- 
tive differences, especial^ a much lower degree of adsorbability by Norit at 
pH 8.5, which was made use of in the process of purification of encephalin. 
Elutability of encephalin from alkaline adsorbates through acidification with 
HCl was generally rather poor, more so than was the case Avith epinephrine and 
arterenol. It aa'rs more satisfactory in the presence of NaH 2 F 04 . 



Fig. 7. Cat pupil (nembutal, cervical S 3 'mp. cut), equipressor doses injected, a) 
control; 6) epinephrine (5 gamma); c) nor-epinephrine; d) dihydro.\y-nor-ephedrine; e) 
human encephalin;/) control; ff) human encephalin; h) the same as (1 minute later). 


Fig. 8. Isolated bab- 
bit’s HEAKT perfused with 
glucose Ringer. After the 
heart had come to an almost 
complete standstill, at 2 
gamma of encephalin (in 2 
cc.) were added to the per- 
fusion fluid. 


(12) Stability o1 encephalin. When kept in the refrigerator, the brain mash 
and acid dialj’^zates (liquid or dr}’^) maintained their chromogenic properties for 
weeks, Avith a gradual loss of color intensity, hoAA'eA^er, amounting to about 10 
per cent Avithin one AA'eek, to about 65 per cent Avithin 12 Aveeks. The diminution 
of vasopressor property seemed to proceed someAA’hat faster, so that a certain 
disci epanc}'’ betAAcen color effect and blood pressure effect used to appear, be- 
pnning aftei about 2 weeks of cold storage. The chromogenic material, present 
in the cerebrospinal fluid, appeared to be much more stable than that obtained 
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Pig. 9. Isolated rabbit’s intestine. 9a) Epinephrine (1:10 million) eluted from 
fullers’ earth. 9&) cow encephalin (1:10 million) eluted from fullers’ earth. 9c) epineph- 
rine (1:20 million) eluted from kaolin. 9d) cow encephalin (1:20 million) eluted from 
kaolin. 

Pig. 10. Cat uterus in 25 ec. Ringer. 10a) Epinephrine (4 gamma), R = fresh Ringer; 
106) encephalin (4 gamma equ.); 10c) encephalin (S gamma equ.), R = fresh Ringer. 


ADSORBEKT 


TABLE 1 

EPINEPHRINE 


ARTERENOL 


ENCEPSAEIN 


Maximal adsorption observed at pH 4.0 



% 

t % 

%- 

ARCH), 

0 

0 

0 

Kaolin 

73 

1 68 

. -il 

Pullers’ earth 

24 

0 

0 

Norit 

100 

1 100 

80 


Maximal adsorption observed at pH 8.5 


A1(0H)3 

100 

100 

100 

Kaolin ^ 

51 

41 

17 

Pullers’ earth 

0 

0 

29 

Norit 

100 

100 

! • 15 



Maximal recovery'- through acid elution with HCl from alkaline adsorbates 


A1(0H)3 

100 

76 

25 

Kaolin 

25 

23 

17 

Fullers’ earth 

70 

68 

29 

Norit 

? 

? 

8 


' Expressed in per cent of the original total amounts used in the tests (not of the ad- 
sorbed amounts) . 
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from brain dialj'-zates. It was found quantitatively unchanged after 6 months in 
the refrigerator and after 8 hours incubation at 37°C. 

(13) Resistance to alkali. Exposure of epinephrine, arterenol and encephalin 
(0.2 gamma/cc. each) to intense alkalinization (pH 11) at room temperature 
(30 minutes) did not alter their color effects significantly. When boiled for 15 
minutes -epinephrine and arterenol lost their chromogenicity completely; en- 
cephalin lost 83 per cent of it. Slight alkalinization (pH 7.0) and boiling for 
30 minutes decolorized epinephrine completely, while arterenol lost only 61 per 
cent and encephalin 61-77 per cent of their color effects. The diminutions of 
vasopressor activity roughly paralleled those of chromogenicity. 

(14) Resistance to oxidation through iodine. Solutions of epinephi'ine, arterenol 
and encephalin (25 cc. each, 0.3-1.7 gamma/cc., pH 7.0) were mixed each with 
6 drops of n/10 I 2 and left standing at room temperature for 5 hours. (In the 
process of colorimetric analysis the second (alkaline) Al(OH )3 adsorbate had to 
be carefully washed several times to remove the iodine which is itself chromo- 
genic.) Epinephrine and arterenol were completely decolorized, while the chro- 
mogenicity of encephalin solutions was somewhat increased (iodine contamina- 
tion of the adsorbate ?). Correspondingly, the vasopressor effects of epinephrine 
and arterenol were nearly abolished, while that of encephalin remained almost 
unchanged (fig. 11). The possibility that encephalin might have been pro- 
tected against oxidation by iodine through the presence of other accompanying 
substances in the brain dialyzates was made improbable by the result of mixing 
epinephrine with a dialyzate and subsequent addition of iodine; epinephrine was 
again completely destroyed. 

(15) Resistance to ultraviolet irradiation. Solutions of epinephrine, arterenol 
and encephalin (20 cc. each, 1 gamma/cc., pH 7.0) were exposed to a thera- 
peutic ultraviolet lamp at a distance of 20 cm. in open Petri dishes, which were 
cooled by being placed on a wire netting in a water bath with running tap water. 
Control solutions were also kept in open Petri dishes at the same temperature. 
Epinephrine and arterenol lost 89 and 90 per cent, respectiveljq of their chromo-- 
genicity within one hour, 100 per cent within 2 hours. The color effect of en- 
cephalin on the other hand, remained unchanged. The vasopressor effect of 
arterenol and epinephrine was completely abolished (the latter in agreement with 
other observers (34, 35, 36)), that of encephalin was only weakened (fig. 12). 

(16) Color and fluorescence reactions. Encephalin reduces arsenomolybdic 
acid, giving rise to a blue color. It has this effect in common with a number of 
substances, but adsorption by Al(OH )3 at pH 4.0 eliminates some of these, e.g. 
glutathione, while subsequent adsorption by Al(OH )3 at pH 8.5 separates en- 
cephalin, epinephrine, sympathin and related compounds with a benzene ring and 
two or more free hydroxjd groups in orthoposition from chromogenic contami- 
nants which are not adsorbable at that pH. This type of combined chromogenic 
and adsorption specificity (see table 1) constitutes the principle upon which the 
colorimetric procedures for the determination of epinephrine (23, 37) and re- 
lated compounds (38), including encephalin, are based. 

The d.s.r. (denominator of the specific ratio (22, 38)) of encephalin was near 
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1.0 in almost all of 87 determinations (av. 1.02). This distinguishes it from the 
d.s.r.’s of epinephrine and arterenol which are nearer 2.0. 

Encephalin differed from epinephrine more fundamental!}" regarding other 
color reactions. Addition of one volume of 4 per cent acetic acid and 3 volumes 
of 4 per cent KIO3 (39) to one volume of epinephrine solution (100 gamma/cc.) 
developed a purplish red color while a similar amount of encephalin turned yellow. 
Feds, added to epinephrine, produced a green color which gradually changed into 
orange. No discoloration took place with encephalin. The fluorescence re- 



12 3 la 2« 3a la 

Fig. 11. (vpper) Cat, atropinized, adrenals tied, 0.1 mgm/kgm. g 3 niergen s.c. 1) 
epinephrine (2.5 gamma) ; 2) arterenol (2.5 gamma) ; 3) human encephalin (2.5 gamma equ.) ; 
la) epinephrine (2.5) iodine-treated; 2a) ai'terenol (2.5) iodine-treated; 3a) human brain 
(2.5) iodine-treated. 

Fig. 12 {lower) Cat, atropinized, adrenals tied. 1) Epinephrine (5 gamma); 2) en- 
cephalin, old (5 gamma equ.) ; 3) arterenol (5 gamma) ; la) epinephrine (5 gamma) exposed to 
ultraviolet); 2a) encephalin (5 gamma equ.) exposed to ultraviolet; 3a) arterenol (5 gamma) 
exposed to ultraviolet. 


action of Gaddum & Schild (52), which gives a strong green fluorescence in al- 
kali-treated epinephrine solutions and a very weak one in aUcali-treated arterenol 
solutions (30), was not present in brain dialyzates. They displayed at first 
an intense green fluorescence (unspecific ?) which disappeared after alkalinization. 

(17) Comparison with tyraminc. Tyramine, Avhich, in contrast to encephalin, 
is not chromogenic when brought into contact with arsenomolybdic acid, was 
injected intravenously into atropinized cats in a dosage several hundred times 
larger (0.5 mgm.) than the usually effective encephalin doses. The ensuing ele- 
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vation of the blood pressure was much more prolonged than the customary 
effect of encephalin, epinephrine or arterenol; it was much more weakened by 
cocaine (in agreement with Tainter and Chang (33)) than the effect of encephalin, 
and pretreatment of tyramine with iodine inverted its effect on the blood pres- 
sure, in contrast to the iodine resistance of encephalin (fig. 11). 

(18) Distribution of encephalin in the brain and other parts of the central nervous 
system. Chromogenic material of the type of encephalin was found in relatively 
large amounts in all parts of the central nervous system, including the choroid 
plexus and the cisternal and lumbar cerebrospinal fluids, but only dialyzates of 
the hemispheres were tested for biological effects. 

The quantitative distribution of encephalin in the brains of ‘normal’ and 
diseased humans and of different animal species under various experimental 
conditions mil be discussed elsewhere. 

DISCUSSION 

The chemical structure of encephalin is unknown. However, the fact that 
its chromogenic reaction with arsenomolybdic acid, its adsorbability by various 
adsorbents (table 1) and its pharmacological effects (fig. 1, 5a, 6a, 7-10) resemble 
those of epinephrine and of arterenol (which is supposed to be identical with 
sympathin, 30, 42), makes it probable that it is also chemically closely related to 
these sympathomimetic amines (table 2). That it is not identical with either 
of them, however, appears evidenced by the following differences: no intensifi- 
cation of the blood pressure effect through cocaine (fig. 5b); no destruction 
through ultraviolet light (fig. 12); no destruction through iodine (fig. 11); no 
epinephine-like color reactions with FeCls and KIO3; no epinephrine-like fluor- 
escence reaction. Regarding inhibition by dibenamine (fig. 6b, c) and resistance to 
alkali, encephalin con'esponds more closely with arterenol than with epinephrine. 

The characteristic resistance of encephalin to oxidation by exposure to iodine 
or to ultraviolet light might be possibly explained by a compound formation of 
encephalin with lipids, as brain lipids are known to inhibit the oxidation of epi- 
nephrine (43), but there are also other s 3 Tnpathomimetic amines (ephedrine, 
sympatol, isopropylsympatol) which are more or less ultraviolet-resistant by 
themselves (44). 

The nonidentity of encephalin with tyramine was proven by the demonstration 
of several fundamental discrepancies. 

Basic differences between encephalin and pitressin are the following: pitressin 
is nonchromogenic Avith arsenomolybdic acid; its blood pressure effect is more 
prolonged and subject to tachyphylaxis; it stimulates the rabbit’s intestine. 
Other facts which militate against an identity of encephalin with pitressin are the 
presence of relatively high concentrations of encephalin in the brain cortex and 
the relatively low concentration of chromogenic material (encephalin ?) in the 
pituitary gland. 

On the other hand, there are some indications that encephalin may be identi- 
cal -with Page’s (20) ‘C.E.A.’ (central excitatory agent) which he found in the 
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cerebrospinal fluid, also after hypophysectomy. It had the following peculiari- 
ties in common with encephalin: vasopressor eflect unaltered by cocaine and by 

TABLE 2 

The data concerning epinephrine and artcrcnol were largely compiled from the litera- 
ture (28, 29, 30, 45, 48, 53, 76) but many were also based on original observations which 
were made in the course of this work and which were in good agreement with those given 
by other workers. 


TYPE OF TEST 

EPINEPHRINE 

ARTERENOL 

ENCEPHALIN 

Blood pressure (cat) 

Effect of cocaine on bl. pr. reac- 

Elevation (-p-k) 

Elevation 

(-k-k-k) 

Elevation (-k-k) 

tion 

Effect of ergotamine on bl. pr. 

Enhanced 

Enhanced 

Unchanged or 
weakened 

reaction 

Effect of dibenamine on bl. pr. 

Inverted 

Weakened 

Weakened 

reaction 

Effect of boiling with alkali on 

Inverted 

AVeakened 

Weakened 

bl. pr. reaction 

Effect of iodine on bl. pr. reac- 

Abolished 

Weakened 

Weakened 

tion 

Effect of ultraviolet irradiation 

Almost abol- 

ished 

Almost abol- 
ished 

Unchanged 

on bl. pr. reaction 

Effect of pithing on bl. pr. reac- 

Abolished 

Abolished 

SI. weakened 

tion 

Unchanged 

? 

Weakened 

Isolated mammalian heart 

Stimulated 

? 

Stimulated 

Electrocardiogram (cat) 

Altered T 

Altered T 

Altered T 

Cat’s pupil 

Dilated (-k-f-) 

Dilated (-k) 

Dilated (-k-k-k) 

Isolated rabbit’s intestine 

Inhibited (H — k) 

Inhibited (-k) 

Inhibited (-k) 

Isolated cat’s uterus 

Inhibited (-k-k) 

Inhibited (-k) 

Inhibited (-k) 

Arsenomolybdic acid test 

Blue (-k-k-k) 

Blue (-k) 

Blue (-k-k-k) 

Above after boiling with alkali . . 
Above after treatment with 

No color 

Weak blue 

Weak blue 

iodine 

Above after irradiation with 

No color 

No color 

Blue (-k-k-k) 

ultraviolet light 

No color 

No color 

Blue (-k-k-k) 

KIOs test 

Purplish 

? 

Yellow 

FeCls test 

Green 

Green 

No color 

Fluorescence 

Weak green, noth 

No fi., with alkali 

Strong green. 

Adsorptions and elutions: see 
table 1 

alkali strong 

weak green 

with alkali no fl. 


atropine, weakened by ergotamine. It differed from encephalirl by being weak- 
ened through repeated injection and by abolition of its vasopressor effect tlu’ough 
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pithing, while the effect of encephalin remained fairly constant with repeated in- 
jections and was only weakened by pithing. 

Von Euler’s (30) failure to obtain more than very small amounts of a sympa- 
thomimetic substance from the brain of a calf is probably due to the fact that 
encephalin cannot be isolated from the brain in significant quantities by alco- 
holic extraction, as our own experience suggested. 

The presence of what seems to be encephalin in the cerebrospinal fluid can be 
assumed to be responsible for at least part of the vasopressor properties of this 
fluid which are usually attributed to secretion of pitressin from the posterior 
pituitary lobe into the third ventricle. The exact way in which encephalin 
passes from the brain tissue into the cerebrospinal fluid is not known but its 
relatively high concentration in the choroid plexus, suggests that at least a sub- 
stantial portion of it is being secreted from there into the ventricular cavities. 

Certain neuro-vegetative reactions, analogous to the typical effects of en- 
cephalin which occur in animals after stimulation of the hypothalamus (elevation 
of blood pressure, inhibition of intestinal motility, pupillary dilatation (45, 46, 
47)), have been interpreted by some investigators as being due to hypophyseal 
or adrenal hormonal discharges, but it appears possible that encephalin discharges 
from the brain via the cerebrospinal fluid into the blood circulation may play a 
part in the origin and prolonged maintenance of such hypothalamic phenomena. 

Morphological indications of a neurosecretory activity of the diencephalic area 
of the brain have been described by several workers (41, 49, 50, 51). 

The 50 per cent lower concentration of what appears to be encephalin in the 
lumbar fluid, as compared with that in the cisternal fluid, seems to indicate a 
diffusion of encephalin from the subarachnoidal space into the blood stream. 
That the difference between the concentrations in the cisternal and lumbar 
fluid is not due to disintegration of encephalin within the cerebrospinal canal is 
suggested by the fact that the concentration of chromogenic material present in 
the cisternal fluid was found unchanged after 8 hours of incubation at 37°C. 

Physiological, psychosomatic and psychochemical implications of the presence 
in the brain of a potent sympathomimetic amine with the characteristics of en- 
cephalin are manifold. Some of them are being studied at the present time. 

SUMMARY 

A sympathomimetic amine was isolated in relatively large quantities from all 
parts of the human brain and from animal brains. 

This substance has some chromogenic and most pharmacod 3 mamic properties 
in common with epinephrine and with nor-epinephrine supposedly identical with 
sympathin), but it also differs from both of these in some significant respects. 
For distinction it has been designated as ‘encephalin’. 

Apart from donation of drugs, mentioned in the text of this paper, we express appreci- 
ation to Dr. 0. Loewi (New York) for dialysis equipment, to Prof. U. S. von Euler (Stock- 
holm), Dr. N. B. Dreyer and Dr. Wm. v. B. Robertson, (Burlington, Vt.) for valuable advice 
and suggestions, to Dr. J. H. Browe (Burlington, Vt.) for taking the photographs of the cat 
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pupil, to the Department of Pathology of the University of Vermont for the supply of 
human brains and cerebrospinal fluids and to the Blood Bank of the Vermont Red Cross 
for freezing and evaporating the brain dialyzates. 
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The studies reported in this and the following paper are the result of a combina- 
tion of two new experimental procedures, each of which was developed and proven 
practical independently of the other. These are: c) a method for collecting coro- 
nary venous blood samples b}’’ catheterizing the coronary sinus of the dog without 
opening the chest (1), and b) application of the nitrous oxide method, developed 
by Kety and Schmidt for measuring cerebral blood flow (2) to the dog’s coronary 
circulation (3, 4). 

Although incidental catheterization of the coronary venous system in man has 
been reported by Sosman and Dexter (5), and by Bing and coworkers (6), the 
procedure apparently had not been emplo3’’ed deliberately, either in animals or 
man, at the time these experiments were undertaken. The desirability of data 
obtainable from analysis of coronary venous blood was impressed on one of us 
(W. T. G.) relative to the study of a case of beri-beri heart disease in man (7). 
Any biochemical basis for the cardiac rreakness here is presumably an interference 
with pyruvic acid metabolism from thiamine deficiency (8). The level and ex- 
change of pyruvic acid and related metabolites, such as glucose, lactic acid, 
oxj’’gen and carbon dioxide in coronary venous and arterial blood should be of 
importance in fvrrther study of this condition. Similar data may well offer valu- 
able additional information concerning myocardial failure from other causes. 
Wlren an opportunity was subsequently presented for exploring the practicability 
of intentional catheterization of the coronary sinus of the dog, in conjunction with 
a study of the effects of toxic agents, it was therefore accepted. 

Harrison and coworkers (9) were able to cannulate the coronary sinus of intact 
morphinized dogs using a modified Moraudtz brass carmula (10), with a balloon 
inflated to diverd the entire coronary sinus outflow for direct measurement. 
Coronary sinus outflow, however, is an inconstant fraction of the total coronary 
blood flow (11, 12). Furthermore, a less traumatic technic was needed, particu- 
larly for similar current studies in man (6), preferably a method involving no 
significant resistance to the coronary venous return. The small flexible Forss- 
man intravenous catheter (13), as modified bj’- Coumand (14, 15), was therefore 
used in the present studies. 

The procedrrre described in this report was then developed (1), when reports of 
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recent applications of the nitrous oxide method to the measurement of cerebral 
blood flow in various' diseases (16, 17) suggested that the same method might be 
combined with the present coronary sinus catheterization technic to permit meas- 
urement of coronary blood flow, and hence the oxygen consumption and cardiac 
efficiency, in the intact dog, preliminary to trial of similar procedures in man (6). 
The nitrous oxide method avoids the major objection to previous measurements 
through the coronary sinus which depended upon the absolute volume of sinus 
outflow, for only representative samples of arterial and venous blood are required, 
such as would be obtained through a small nonoccluding catheter. The coronary 
blood flow would then be calculated as flow per 100 grams of myocardium drained 
by the coronary sinus, on the basis of integrated concentrations of nitrous oxide 
in coronary venous and arterial blood over a 10-minute period of gas inhalation, 
by an application of the Fick principle (2). The practicability of measuring 
coronary blood flow by the N 2 O method had already been established in the dog 
by direct cannulation (3), and the indirect method calibrated against simultane- 
ous direct measurements ndth the bubble flo%vmeter (4), but no measurements of 
the coronary blood flow had ever been made in the intact state which the present 
catheter technique made possible. The special experience and equipment of the 
two groups were therefore combined in a joint project, and the results in regard 
to coronary flow and related findings are presented in the second paper of this 
series (18). This paper deals with the technic and possible hazards of coronary 
sinus catheterization in the dog and with observations on the biochemical char- 
acteristics of coronary venous blood. A third phase of the same joint project, 
the application of both procedures to similar studies in man, is in progress, in 
cooperation with Bing and his collaborators at Johns Hopkins Hospital. 

Anesthesia and general observations. Pentobarbital sodium, 25 mgm/kgm., was 
injected slowly intrayenously before the procedure, and the dog was maintained in 
a stage of light anesthesia, with an active lid reflex, a fairly constant pulse and blood 
pressure and a respiratory rate and pulmonary ventilation adequate to insure a 
normal arterial oxygen saturation. Arterial hematocrit, hemoglobin content and 
oxygen saturation (19) were measured frequently throughout each experiment. 
Although comparable catheterization procedures.have been done in unanesthetized 
animals (20, 21), anesthesia was used in this study chiefly for convenience and to 
provide a reasonably reproducible and steady status of the circulation (21, 22). 

Coronary sinus catheterization. The dog, lightly anesthetized, was placed on 
the operating-fluoroscopj’- table and the neck shaved, scrubbed with sponges 
soaked in alcoholic zephiran solution and draped. Clean but not aseptic tech- 
nique was followed throughout, with all instruments, catheters and gloves soaked 
in 1:600 zephiran. 

A branch of the external jugular vein Avas exposed as high as possible in the neck 
and incised. A curved-tip intravenous catheter (sizes 7-9 F) was then inserted a 
short distance, and a slow, constant saline drip, containing 20 mgm. of heparin 
per liter, connected to prevent clotting of blood in the catheter. 

With the dog in the right anterior oblique position, the catheter was passed into 
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tlie right auricle under fluoroscopic control. Once inside the superior vena cava, 
the curved tip was pointed anteromedially to avoid catching it on the ostium of 
the azygos vein or on the thickened ridge of muscle extending across the posterior 
auricular wall immediately above the foramen ovale. Wlien the tip reached the 
inferior portion of the right auricle, near the tricuspid valve, it could be turned 
posteriorly and easily passed into the inferior vena cava (fig. 1). At this point, 
with the dog still in the right anterior oblique position, a triangular area of lung 
mth the following boundaries was visible: a) the anteromedial border of the in- 
ferior vena cava, b) the posteroinferiov cardiac border, and c) the diaphragm. 
The coronary sinus ostium lies just anteromedial to the superior corner of this 
triangle, which marks the junction of inferior vena cava and right auricle and 
which lies posteroinferior to the tricuspid valve. The catheter was now slowly 
withdraum from the inferior cava to a point just inside the right auricle. If 
the tip was then turned and shifted slightly anteromedially, it pointed directly 
toward the -coronary sinus ostium. 

After one or two gentle thrusts, the catheter usually rounded a sharp initial 
bend (fig. lA) and entered the sinus. The tip often passed further into the sinus, 
superiorly and to the left along the posterior auriculo-ventricular gi'oove (fig. 
IB) and sometimes beyond one or more delicate valves into the great cardiac vein 
(fig. 1C). Occasionally the ostium of the middle cardiac vein (fig. 5), located 
just inside the ostium of the coronary sinus (fig. 4), or more rarely, a posterior 
vein of the left ventricle (fig. 6), was accidentally catheterized. These veins 
pass along the posteroinferior septal surface toward the apex, anastomosing 
with each other and with the anterior descending branch of the great cardiac 
vein, as shorni by diodrast injection in figure 6. By pi’eference, however, only 
the proximal coronary sinus itself now is catheterized (fig. lA and IB), as dis- 
cussed below, because of the dangers and technical invalidity of coronary venous 
obstruction. 

The advantage of the right anterior oblique position for visualization of the path 
of the catheter into the coronary sinus is illustrated in figure 2B. In this view, 
a sharp bend was seen in the course of the catheter as it entered the sinus. The 
curve appeared foreshortened and could be seen in full length only in a more 
posteroanterior position (fig. 2C and 2D). In the latter view, however, the 
pathway was almost superhnposable upon the path of a catheter entering the 
right ventricle and pulmonary artery, and it became extremely difficult to tell 
exactly where the catheter was. The chief difference between the two pathways 
was the more posterior orientation of the coronary sinus, which became distinct 
as the animal was rotated to the oblique position. In this view, furthermore, 
the closest and most prominent landmark to the position of the coronary sinus 
ostium, namely the lung triangle and inferior vena cava, were well visualized. 
If the dog was turned too far toAvard the right lateral position (fig. 2A), the 
pathway into the coronary sinus became difficult to visualize because of a loss of 
three-dimensional perspective. 

Coronary venograms. Diodrast (3,5 diiodo-4-pyridone-N-acetic acid and 
diethanolamine) has been injected forcibly through the catheter against the 


CORONARY SINUS CATHETERIZATION 


343 


stream of coronaiy sinus flow, and, as slionm in figure 4A and 6, a retrograde 
coronary venogram obtained. If the catheter obstructed the vein, as in figuie 



Fig. 1. Catheter inserted into the inferior vena cava (I.V.C.), illustrating 
the lung triangle (L.T.) and its relationship to the coronar 3 ’^ sinus (C.S.) and great cardiac 
vein (G.C.V.) in the right anterior oblique view. 

Fig. 1A. Catheter inserted one to 1.5 cm. into coronary sinus. Position 1. 

Fig. IB. Catheter inserted two to 2.5 cm., just bej’ond the sharp bend in the 
sinus. Position 2. 

Fig. 1C. Catheter inserted into great cardiac vein, more than three cm. beyond 
the sinus ostium. Positio7i 3. 

5 and 6, diodrast could be easily made to fill most of the veins draining into the 
coronary sinus, due to the multiple veno-venous anastomoses. If the catheter 
lay freely in the coronary sinus, the diodrast was carried back along the shaft 
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Fig. 2A-D. Comparison of right lateral (RL), right anterior oblique (RAO), 
right posteroanterior (RPA) and posteroanterior (PA) in the same dog. The large catheter 
is inserted 4 to 6 cm. into the coronary sinus, the small catheter into the pulmonary arter}'. 
The advantage of the RAO view for distinctive visualization of the catheter in the coronary 
sinus is illustrated. 

Fig. 3. Pulse pressure curves, slightly damped, during withdrawal of the catheter 
from the coronary sinus, recorded through a Statham strain gauge on a Sanborn 
cardiette amplifier. Scale; one cm. excursion = 6 mm. Hg pressure. Systolic pulse pres- 
sures; coronary sinus (position 3), 11 mm. Hg; coronarj' sinus ostium (position 1), 5 mm. 
Hg; right auricle, 5 mm. Hg. Autopsy in this case showed that the catheter inserted to 
position 3, where the elevated pressure was noted as illustrated, probably caused a signifi- 
cant degree of coronary venous obstruction. 
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of the catheter in. a visible stream with the normal coronary sinus flow until 
rapidly dispersed into the auricle at the coronaiy sinus ostium. The use of dio- 
di’ast has helped to establish the orientation of the coronary sinus and coronary 
venous system as seen fluoroscopically, as well as the in vivo relationship of the 
coronary sinus ostium to the tricuspid valve (fig. 4A). Forcible injection is 
hazardous, however, since the dye maj’’ be forced into the tissues and cause local 
myocardial necrosis (fig. 5). 

Design of coronary sinus catheters. The ordinary curved tip intravenous 
catheter presented the following drawbacks when used for catheterization of the 
coronary sinus: 

a) Although fluid could always be freely injected through the catheter into 
the sinus, withdrawal of blood samples was often difficult or impossible. It is 
likely that the wall of the sinus, or a valve leaflet in the sinus or great cardiac 
vein, was drawn against the single catheter opening when suction was applied. 
Often blood could only be withdravm either at the height of inspiration, when 
the descent of the diaphragm altered the position of the heart and of the catheter 
tip in the sinus, or during systole when the coronary venous pressure rose. This 
difficulty has been more serious, both in dogs and in man, when a small catheter 
(^6 or ^7 F) has been used. 

h) A small catheter ( ^ 6 or §1 '^) would be most desirable for avoiding coron- 
ary venous obstruction. Such small catheters, however, were much harder to 
insert into the sinus than the larger sizes, because they tend to buckle in the 
auricle without passing around the sharp bend in the sinus. The ideal catheter 
then should have a small flexible tip for the part actually within the sinus and a 
stiff, nonbuckling shaft. This would give the best control on insertion and the 
least obstruction and trauma to the coronary sinus. A larger, stiffer catheter 
may be actually less traumatic than a smaller one which is less easily controlled 
because of buckling (23). A stylet, inserted to within 3-4 cm. of the catheter 
tip, has been used in many instances with some improvement in control, but the 
use of a stylet creates other technical difficulties without solving the problem of 
obstruction of the catheter opening. 

A modified catheter has largely solved these difficulties. The shaft tapers 
from a stiff ^ 8F to a more flexible ^ 6 or ^ 7F between 4 and 6 cm. from the 
tip, and there are two additional side eyes 2 mm. back from the usual terminal 
eye. The side eyes tend to break any possible suction on a vessel wall or valve 
leaflet as a sample is withdravm. The tendency to buckle is minimal with the 
larger shaft, while the smaller tip causes less trauma and obstruction within 
the coronaiy sinus. (These modified catheters are available on special order 
from the U. S. Catheter and Instrument Co., Glens Falls, N. Y.). 

Care of catheters. The original stiffness of the intravenous catheter shaft is 
essential to its controlled manipulation and should be restored after use by drj'-- 
ing the catheter in an oven at approximatelj’" 90°C. for one to two hours. An 
inlying stylet, curved at the tip as desired, helps to keep the catheter in shape 
while drying. The stylet is removed after the catheter cools. 

Clotting in the tip, particularly in catheters with multiple openings, may be 
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avoided by soaking the tip in heparin solution for 30 minutes before use. The 
hydrophilic 2 Jlastic enamel of the catheter will take up a trace of the solution. 
Finally, just before use, the entire lumen is flushed with the same heparin solu- 
tion. Clotting in the tip may also be prevented by coating it with Silicone (dri 
film !5^9987, available from General Electric Co., Schenectady, N. Y.). 

Catheterization of the 'pulmonary artery. For sampling mixed venous blood, a 
^ 6 or m Y, curved-tip intravenous catheter was inserted into the same vein 
used for the coronary sinus catheter. By clamping the opposite sides of the 
vein walls between the two cathetei's, retrograde bleeding could largely be pre- 
vented. A saline drip, containing 10 mgm. of heparin per liter, was connected, 
and the catheter was then inserted into the pulmonary artery by the technique 
of Kinnej’-, Ha 3 ’-nes and Dexter (24). The tip was left far enough out into the 
lung field to be sure of its position, but not so far out, as Dexter and coworkers 
have shown can be done (23), as to draw full}'^ oxj’-genated blood from the pul- 
monaiy capillaries or possible precapillaiy arteriovenous anastomoses. 

Catheterization of the femoral artery. The femoral arteiy was exposed low in 
the femoral canal, and a 6 or ^7 catheter inserted through a small incision in 
the artery, passed up into the aorta and tied in place. The catheter was con- 
nected to a mercurj’- manometer for pressure recordings except during sampling. 

Sampling and analytical methods. Blood samples were drawn simultaneously 
from the femoral and pulmonary arteries and coronaiy sinus through manifold 
S 3 '’stems (25) and kept ice-cold until anatyzed. Blood oxygen content was measured 
by the method of Roughton and Scholander (26), checked against the method 
of Van Slyke and Neill (27). The latter method was also used for carbon dioxide 
content (27). Coronary blood flow was determined bj’- the nitrous oxide method 
of Kety and Schmidt (2, 25), as applied to the coronaiy circulation in the ac- 
companjdng report (18). Glucose samples were analj'zed bj’’ Nelson’s method 
(28), using Somogjd’s copper reagent (29), pju’uvic acid bj’’ the method of Friede- 
mann and Haugen (30) and lactic acid as outlined bj'" Barker and Summerson 

(31). 


RESULTS 

The coronary sinuses of 45 dogs, Aveighing 15 to 40 kgm., have been cathe- 
terized 68 times by this technique. There have been three failures, tivo of Avhich 
were in dogs under 15 kgm. The procedure has permitted repeated observations 
of coronaiy blood flow and myocardial metabolism in the same dogs as often as 
seven times over a four-month period, as illustrated in the protocol of dog ^ 7 
in figure 4 and table 1. The coronary blood floiv averaged 71 cc. per 100 grams of 
left ventricular myocardium per minute, Avith a m 3 ''ocardial ox 3 ’’gen consumption 
aAmraging 9.7 cc. per 100 grams per minute. In current experiments, these ob- 
sei’Amtions together AAutli an estimation of cardiac AAmrk permit the calculation 
of the OAmrall mechanical efficiency of the heart. 

A. Evidence of successf^d coronary smus catheterization, (in addition to fluoros- 
cop30. 1. The dark color of coronai^'- sinus blood samples, corresponding to 
a A'er 3 ’- Ioaa' ox 3 ^gen saturation, clearty distinguished it eAmn on inspection from 
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other venous blood samples. The oxygen content of coronary venous blood 
averaged 4.1 volumes per cent (approximately 22 per cent saturated), as com- 
pared with a mixed venous content of 13.0 and an arterial content of 17.2. The 
mean coronary arteriovenous oxii-gen difference was thus approximately three 
times the total systemic A-V difference, (table 2). 

2. A typical pulse pressure pattern (fig. 3) was seen when the catheter was 
inserted well into the coronary sinus or great cardiac vein, correlated with a 
marked pulsation of the blood as withdrami or pulsation of the intravenous 
drip. This finding was considered to indicate at least partial coronary venous 
obstruction, confirmed by the elevated pulse pressure of 9-20 mm. Hg compared 
with a right auricular pressure of 3 to 5 mm. Pulse pressures on insertion of a 
small catheter a similar distance, or on withdrawal of a larger catheter to position 

TABLE 1. Results of hefeated coronary sinus catheterizations of the same 

NORMAL DOG 

Dog ^7, male, bodj' weight 31 kgm., heart wt. 240 gram 
(See protocol , fig. 4) 


DATE, 1947 

17 JUNE 

8 JULY 

29 JULY 

19 Aug. 

A\TE. 

Experiment No 

1 

2 

1 

2 

1 

1 

2 

Coronarjr Blood Flow, cc./lOO gm./ 









min 

65 

58 

91 

77 

56 

79 

71 

71 

Cardiac Oj Consumption, cc./lOO 
Gm./min 

8.7 

8.2 

12.4 

10.5 

8.3 

9.8 

10.1 

9.7 

Arterial Oj Content, vols. % 

15.4 

16.3 

17.0 

16.6 

18.5 

16.5 

18.2 

16.9 

Coronary Venous Oj, vols. % 

2.0 

2.2 

3.3 

2.9 

3.5 

4.1 

3.7 

3.1 

Mean Arterial B. P., mm. Hg 

135 

147 

142 

146 

142 

142 

115 

138 

Cardiac Rate Per Min 

155 

160 

135 

130 

140 

160 

156 

148 


1, just inside the coronary sinus ostium, were no more than 2 to 3 mm. higher 
than right auricular pressures (fig. lA), with minimal visible evidence of pulsa- 
tion in the intravenous drip. 

B. Biochemical characteristics of coronary venous blood. Analysis of coronary 
venous blood clearly distinguished it from mixed venous or arterial blood, (table 
2). No significant difference in these values was found when the catheter was 
inserted deeply into the sinus or great cardiac vein instead of only one to 2 cm. 
inside the ostium. The consistently high coronary arteriovenous differences of 
oxygen, lactate and pyruvate, considering the rate of coronary blood flow, in- 
dicate an extremely high rate of myocardial utilization of these metabolites in 
the normal, intact, lightly anesthetized dog. The rate of carbon dioxide pro- 
duction is correspondingly high. This confirms previous findings of many 
investigators who have used open chest and heart-lung preparations, (32-34). 

Glucose was removed by the heart in relatively small amounts, often not at all, 
and liiglily inconsistently as shovm. by the large standard error in table 2. 

Because of the interest in the constancy of the lactate/pjuuvate ratio the 
relationship has been calculated on a small series of arterial bloods (n = 11) 
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yielding a correlation coefficient of 0.88, and a mean L/P ratio of 8. No signif- 
icant difference in the ratio was found in coronaiy venous blood. 

The cardiac lactic and pyruvic acid utilization alone could account for 40 to 
60 per cent of the total cardiac oxj’^gen utilization in these experiments, assuming 
eventual complete oxidation of these metabolites to carljon dioxide and water. 

C. The anatomy of the coronary sinus venous system of the dog. Twenty-eight 
anatomical dissections, correlated with diodrast injections in vivo, have helped 
to clarify the position of the catheter with relation to the coronaiy sinus venous 
sj’-stem as seen fluoroscopically (figs. 4-6). 

The coronaiy sinus lies in the posterior auriculoventricular gi-oove and is 
surrounded bj’- epicardial fat. The sinus takes origin embiyologically from the 


TABLE 2. Biochemical ciiauactbuistics of coroxaby sinus blood 




1 

1 MIXED ^T,NOUS 

ARTERIAL 

CORONARV SINUS 

MEAN ARTERIOSXNODS DIFEEREXCE OF 
SIMULTAN'EOtrS OBSERVATIONS' 


n 

i 

i 



Systemic 




mean ± o-m 

mean ± ffm 

mean ± irm 

mean + ffm 


Oxygen, 
vols. % . . . . 

21 

13.0 ±.50 

17.2 ±.42 

4.1 ±.19 

1 

-}-4.2 ±.39 

+13.0 ±5.4 

Carbon diox- 
ide, vols. % 

10 

35.9 ±1.20 

31.8 ±1.20 

44.5 ±1.26 

-4.1 ±.19 

-12.6 ±.71 

Lactic acid, 
mgm. %. . . 

20 

15.8 ±2.1 

15.3 ±2.0 

9.0 ±1.1 

-.50 ±.30 

+6.5 ±.99 

Pyruvic acid, 
mgm. %...' 

14 

1.93 ±.14 

1 

1.99 ±.17 

1.07 ±.10 

+ .07 ±.09 

+ .93 ±.15 

Glucose, 
mgm. %. . . 

16 

78.0 ±3.3 

79.3 ±4.1 

75.3 ±3.6 

+1.3 ±2.5 

+4.0 ±2.6 


' The difference between each pair of simultaneously drawn samples was obtained and 
the average of these differences determined. 


junction of the great cardiac vein with the oblique vein of Marshall. The latter 
is the remnant of the fetal left superior vena cava and is often difficult to identify 
in the adult dog. We therefore measured the length of the coronaiy sinus 
to the first valve, which was usually bicuspid and well formed and Avhich often 
coincided with a sharp change in the color of the Avail from dark to light. This 
color change is caused by a marked thinning of the muscularis. In the absence of 
a demonstrable valve, the point of color change alone is used as a guide. With 
these criteria the length of the coronaiy sinus measures 2 to 5 cm. and is only 
roughly related to the size of the heart. The catheter may appear fluoroscopic- 
ally to be inserted someAAdiat more deeply, since it folloAVs and probably distends 
the outer wall of the coronary sinus as it curves around the heart. Beyond the 
first Arnh’^e there are often one to four single or bicuspid vah'^es in rapid succession 
(fig. 1). The auricular ostium of the coronary sinus, hoAveA^er, is not guarded by 
the Avell-defined Thebesian YaWe usually found in man. 

The middle cardiac A'^ein enters the sinus not more than 0.5 cm. from the 















Fig. 4. The anatomy of the coronary sinus venous system in relation to a large 
catheter, inserted three to four cm. into the coronary sinus (C.S.), with a small fjlG 

ratheter passing through the tricuspid valve ( ) into the right ventricle (R.V.). 

le coronary sinus venous system, as found at autopsy, is sketched as follows: middle 
car lac vein, M.C.V.; posterior veins of the left ventricle, P.V.', P.V.L.V.-, P.V.L.V.^; 
o ique vein of Marshall; O.V.; great cardiac vein, G.C.V.; left circumflex vein, L.C.V.; 
an erior descending coronary vein, A.D.C.V. The extensive veno-venous anakomoses 
e ween the major veins draining the left ventricular mjmcardium are illustrated. 

^'^^tabolic observations. See table 1. 

Autopsy. This dog was catheterized seven times in five months. The catheter ivas in 
le sinus a total of 16 hours, and there was usually a second catheter in the pulmonary artery 
or right ventricle. Autopsy seven weeks after the last procedure showed a normal heart 
-\cept for slight subendocardial fibrosis in the right auricle and thickening of the medial 
tricuspid valve leaflet. 

Fig. 4A. Diodrast injection outlining the great cardiac vein and its branches 

osHnn^t?*"*" to diodrast flowing with the coronary venous return from the coronary sinus 
osiiuni through the tricuspid valve. 

ihiv' OBSTRUCTING THE MIDDLE CARDIAC VEIN. The shadow of diodrast in 

e tissues illustrates the danger of forcible injections when the vein is obstructed. 
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auricle. It drains the posterior septal area and often a small rim of right 
ventricle and is often too small to admit a catheter tip. Two to four major 
posterior left ventricular veins open into the sinus between one and 4 cm. from 
its auricular ostium. These veins vary in size and number and often have 
multiple openings into the coronary sinus. There are usually abundant veno- 
venous anastomoses, not only among the middle and posterior veins, but also 
between one or more of these veins and the anterior descending vein near the 
apex. The veno-venous anastomoses are best demonstrated by diodrast in- 
jection in vivo, (figs. 4A-6). Beyond the last posterior vein for a distance of 
1.25 to 3 cm., there are no significant venous junctions. 



'■ Tig. 6. Catheter obstructing the first posterior vein of the left ventricle. 
Diodrast injection outlines many of the veins draining into the coronary sinus through veno- 
venous anastomoses. 1. coronary sinus ostium; 2. inferior vena cava; 3. tricuspid valve; 
4. coronary sinus position 1\ 5. first posterior vein of the left ventricle; 6. middle cardiac 
vein; 7. apical veno-venous anastomoses; 8. coronary sinus position 3; 9. great cardiac vein, 
with valves illustrated; 10. lung triangle. 


There is a constriction of the sinus at the first valve and a sharp decrease in 
caliber of the great cardiac vein as it stvings down the anterior longitudinal sulcus. 
This vein drains the anterolateral surface of the left ventricular myocardium and 
also receives branches from the left auricle. 

In summaiy, diodrast venograms and autopsy studies indicate that a nonoc- 
cluding catheter, inserted only one to two cm. inside the auricular ostium of the 
coronary sinus (position 1 or 2, fig. lA or IB), should collect representative 
samples of coronary venous blood draining almost entirely from the left ventricu- 
lar myocardium. If this position of the catheter tip allowed withdrawal of 
blood from the middle cardiac vein, a significant proportion of the right ventricu- 
lar myocardial flow might be obtained. Gregg has emphasized, however, that 
the anterior cardiac veins, which do not drain into the coronary sinus, are the 



COKONARY SINUS CATHETERIZATION 


351 


major drainage channels of the right ventricle (11). The physiological role of 
the Thebesian veins is still disputed, (11, 12). Because of the sharp decrease in 
venous caliber at the opening of the great cardiac vein, however, varying degrees 
of venous obstraction may occur when the catheter is inserted too far, as already 
noted in vivo from pulse pressure recordings. 

D. Hazards of coronary sinus catheterization and other catheterization 'procedures 
in dogs. In 48 survival experiments, recovery was uniformly prompt, without 
any clinical complications attributable to catheterization. Postoperative care 
included one dose of penicillin in beeswax and oil, 300,000 units i.m., 0.4 grams of 
ferrous sulfate daily and exercise with return to routine diet as early as 12 hours 
after the experiment. 

Autopsy studies, however, often showed endocardial damage when the dogs 
were sacrificed following catheterization of not only the coronary sinus but also 
the right auricle and pulmonary artery, (35). A more controlled study is now 
in progress, but the findings incidental to the development of coronaiy sinus 
catheterization technique may be summarized as follows: 

•In a recent series of 28 dogs, autopsied within 10 days after catheterization, 
only three dogs were free of lesions at autopsy. Six had minimal lesions con- 
sisting of small subendocardial hemorrhages and tiny mural thrombi. The 
remainder had moderate to severe lesions of varying sizes, consisting of mural 
thrombi and subendocardial hemorrhages which sometimes extended well into 
the myocardium. These lesions occurred along the course of insertion of the 
catheter, including the tricuspid and pulmonary valves after catheterization of 
the pulmonary artery. 

Six autopsies three to six weeks following catheterization showed small patches 
of mmimal subendocardial fibrosis in three cases; one of these showed a small, 
well-organized thrombus in the superior vena cava. There was one case of 
marked fibrosis of the medial tricuspid valve leaflet, possibly unrelated to 
catheterization. There were no lesions in two cases. 

In these dogs, varying degrees of difficulty in catheterization were encountered. 
Catheters ranging from sizes 6 to 10 were used, usually ^7 or 8. The catheter 
was left in place from zero to five hours. Aseptic technique, omission of heparin 
administration and use of a small catheter did not consistently eliminate the 
occurrence of endocardial lesions, whether the catheter was inserted into the 
coronary sinus, pulmonary arteiy or onlj’" the right auricle. 

This series was not well enough controlled to draw definite conclusions, but 
endocardial lesions were usually minimal Avhen extreme care was taken to avoid 
trauma on insertion and when the catheter was left in place no more than one 
and one half hours. 

Deep catheterization of the coronarj'- sinus, however, to position 3 or beyond 
(fig. 1C), often caused lesions peculiar to this procedure alone. There were three 
cases of gross myocardial hemorrhage in areas drained by the catheterized vein, 
particularly in the mitral valve and apical areas. In two additional cases of 
deep prolonged insertion, there was a well organized thrombus occluding the 
great cardiac vein. These lesions have been consistently avoided in 16 recent 
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cases using definite precautions, including gentle insertion of a ^7 catheter 
only one to 2 cm. inside the sinus. 

Electrocarcliographic studies. Limb and precordial electrocardiograms were 
taken before, during and after coronary sinus catheterization in 34 experiments. 
In three out of 11 dogs in which the catheter was inserted into the great cardiac 
vein, (position 3 or beyond, fig. 1C), T-wave inversions and S-T segment eleva- 
tions were noted following the procedure, in one or more leads, which suggested 
pericardial (or epicardial) irritation. Such changes were associated at subse- 
quent autopsy in one case with thrombotic occlusion of the great cardiac vein 
and in another with hemorrhage of the myocardium beneath the epicardium, in 
areas drained by the catheterized vein. No electrocardiographic changes were 
noted following 23 experiments in which the catheter was inserted only one to 
2 cm. inside the coronary sinus. 


T.ABLE 3. CoNTRoii values obtained by repeated catheterizations of the same 

ANIMAL 


(male dog — weight 31 kgm.) 


DATE 

CORONARY 

PLOW 

0- CONSCltP. 

ART. Ol 

\’EIN 0; 

MABP 

CAUDIAC 

RATE 



ec/100G/inin, 

cc/IOOG/min. 

vol. % 

vol. 7o 


■jjjH 

6/17/47 

«1 

64.5 

8.65 

15.4 

2.0 




i ^2 

58.0 

8. IS 

16.3 

2.2 



7/ 8/47 

#1 

90.5 

12.4 

17.0 

3.3 

142 




77. o' 

10.5 

16.6 

2.9 

146 


7/29/47 

/fl 

55.5 

8.34 

18.5 

3.5 

142 


8/19/47 

;^1 

79.0 

9.80 

16.5 

4.1 

142 



i 5!2 

71.0 

10.12 

18.0 

3.7 

116 


Average 

70.8 

9.71 

16.9 

3.1 

138 

148 


Continuous recordings on Lead II during insertion of the catheter into the 
coronary sinus, among 37 experiments, showed only occasional isolated nodal 
extrasystoles in 32 cases, and one case of transient nodal tachycardia lasting 20 
seconds. Insertion of the catheter through the tricuspid valve, however, in- 
variably produced very rapid bursts of ventricular and nodal extrasystoles. 
Similar extrasystoles were sometimes seen when the catheter tip hit the right 
ventricular wall below the pulmonary conus. 

DISCUSSION 

Endocardial damage from catheterization of the heart by the present technique 
has not been reported previously in dogs or man, except for one case presented by 
^ .Tohnson (36). This patient had congenital heart disease with cyanosis and 
polycythemia, and at autopsy showed multiple thrombi along the course of 
insertion of the catheter one month folloudng the procedure. In several large 
series, however, covering over a thousand catheterizations by several investiga- 
tors, and including numerous autopsied cases, there has been no apparent damage 
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to the heart from catheterization procedures in man, (6, 15, 23). The fact that a 
catheter often causes endocardial lesions in dogs, but apparently not in man, 
may be related to differences in technique, or more likely, to species differences 
in the response to injury. For example, the general tendency to blood clotting 
and postoperative intravascular tbi’ombosis has been commonly observed to be 
greater in dogs than in man (37). However, thrombi in dogs were seldom present 
less, than 12 hours after catheterization, or more than three weeks after cathe- 
terization, so that healing apparently occun-ed within three weeks. Lesions in 
man resulting from catheterization thus might not be found unless autopsy were 
performed within a comparable period. It seems unlikely that insertion of the 
catheter through the external jugular vein can be the determining factor, or that 
this approach is much more traumatic than the brachial approach used in man. 
Anesthesia may in some way influence the development of lesions. Tachy- 
cardia under nembutal anesthesia, and the poor fixation of the heart in the dog’s 
mediastinum, may increase the friction between catheter and endocardium. The 
size of these hearts, however (90-240 grams), is well within the range of the 
hearts of children and some adults. 

In conclusion, deep insertion of a catheter three cm. or more into the coronary 
sinus or great cardiac vein in dogs often appears' to be unduly traumatic and 
undesirable because of coronary venous obstruction. This conclusion is based 
upon a correlation of anatomical and pathological studies with electrocardio- 
graphic and pressure recordings in vivo. A recent series of experiments, pre- 
sented in the accompanying report (18), have yielded satisfactory coronary 
flow measurements ivith the catheter inserted only one to 2 cm. inside the sinus 
ostium (fig. lA or IB) with minimal damage from the procedure and with no 
e'vidence of contamination of blood samples with auricular blood. Therefore, 
definite precautions, including gentle insertion of a small catheter onlj’’ a short 
distance inside the coronary'' sinus ostium, may well be advisable in apptying this 
technic to similar studies in man. With these precautions in the dog, however, 
coronary sinus catheterization appears to be no more traumatic than catheteriza- 
tion of the pulmonary arteiy.^ 


SUMMARY 

1. A technic of coronary sinus catheterization in intact dogs has been pre- 
sented. Modifications in the catheter design and the optimal position of the dog 
for fluoroscopic control of insertion have been discussed. The procedure has 
permitted repeated observations of coronary blood flow and myocardial me- 
tabolism in the same dogs over a period of months. 

2. A high rate of cardiac utilization of oxj’^gen, lactate and pyruvate, with a 
correspondingly high carbon dioxide production, were consistently found in the 
normal d og. Glucose utilization was relatively lower and highly inconstant. 

» The occurrence of endocardial lesions in dogs following catheterization of the pul- 
monary artery has been confirmed recently by Hellems, Haynes, Fanger and Dexter (38) 
The lesions were similar, but occurred with less frequency and severity than in the present 
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3. Although technical refinements have minimized the occurrence and size of 
lesions, it should be realized that endocardial damage cannot yet be entirely 
avoided in dogs following catheterization of not only the coronary sinus but also 
the pulmonary arteiy. 

4. Peculiar to coronary sinus catheterization, however, were the coronary 
venous thromboses or myocardial hemorrhages which sometimes followed pro- 
longed insertion of a catheter far into the coronary sinus or a cardiac vein. The 
elevated pulse pressure, 9 to 20 mm. Hg, found on deep insertion, indicated a 
significant degree of coronary venous obstruction by the catheter. 

5. Coronary venous and myocardial damage were avoided by definite pre- 
cautions, including gentle insertion of a small catheter only one to two cm. in 
side the coronary sinus. In this position there was no evident admixture of 
coronarj’’ blood samples vdth auricular blood, evidence of trauma to the auricle 
or coronary sinus ostium was minimal and pulse pressures were the same or 
only slightly higher than in the auricle, indicating that there was no significant 
coronary sinus obstruction. Similar precautions maj’’ well be desirable in fur- 
ther applications of coronary sinus catheterization. 

The authors are greatly indebted to Drs. Seymour S. Kety, Carl F. Schmidt, Richard 
J. Bing, Harold E. Himwich and Walter Fleischmann for their helpful advice. Drs. Stanley 
H. Durlacher and Benjamin H. Landing greatly contributed to the interpretation of the 
pathological findings. Tlie skillful technical assistance of Mr. William P. MeShane, Mr. 
Robert C. Johnson, Miss Alice Willis, Miss Sarah Bederman and Mrs. Pauline Wilson, as 
well as the statistical analyses contributed bj' Miss Frieda Faiman, are gratefully ac- 
knowledged. 
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Die nitrous oxide method introduced bj’' Kety and Sclimidt (1) for the quanti- 
tative measurement of cerebral blood flow in man is applicable in principle to any 
oigan from which a representative sample of venous blood can be collected. The 
heart, by reason of its essential^ homogenous structure and venous drainage into 
the coronary sinus (predominatelj’’ from the left ventricle), should be a suitable 
organ. The applicability of the nitrous oxide method to the coronary circulation 
of the dog was established by a set of experiments begun more than two years 
ago but hitherto reported only in preliminary form (2, 3). The potential value 
of this procedure was greatly enhanced by the recent development of a method 
for catheterizing the coronary sinus (4), which makes possible quantitative esti- 
matioiis of coronary blood flow and cardiac oxygen consumption in the dog under 
conditioirs differing from normal onlj’’ by the presence of light anesthesia, and 
even in intact man, once the validity and safety of the procedure have been 
established. The question of safety has been considered in the preceding paper 
(4). This report presents data bearing on the validation of the nitrous o.xide 

method for measuring blood flow as applied to the coronary circulation of the 
dog. 

The experiments were of two main types: o) those in Avhich the indirect 
nitrous oxide method was calibrated against simultaneous direct measurement 
of blood flow by means of a bubble flovnneter; and b) those in which the nitrous 
oxide method was used alone but with variations intended to test its validity 
and to I’eveal the best procedure to employ. 


I. COMPARISON OP BLOOD FLOW DATA OBTAINED SIMULTANEOUSLY BY THE BUBBLE 
FLOAA’METER AND NITROUS OXIDE METHODS 

Method. The method used to compare with the nitrous oxide technic was 
that of the bubble floumeter (3, 8). Dogs, iveighing 15 to 23 kgm. were anesthe- 
tized with pentobarbital sodium (30 mgm. per kgm. intravenously lAuth 30 mgm. 
supplements if needed). We attempted to keep anesthesia minimal. Heparin- 
ized bloo d was circuited from a cannulated right carotid artery through the flow- 
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meter and thence into a cannulated anterior descending branch of the left coro- 
naiy arteiy. The chest Y’-as closed, the pneumothorax Y^as reduced, and 
the animal alloY'ed to resume spontaneous respirations. Bubble floYTneter and 
nitrous oxide measurements yveve made simultaneously. 

The technic of the nitrous oxide method of measuring blood flow. This yus accom- 
plished by the method of Kety and Schmidt (1, 9). In the early experiments, a 
40 per cent nitrous oxide and 60 per cent oxygen mixture Y^as used, preceded bj^ 
a 20 minute period of denitrogenation Yoth 100 per cent oxygen. In the more 
recent experiments, a mLxture containing 16 per cent nitrous oxide, 21 per cent 
ox5'^gen and 64 per cent nitrogen Y'as used Y'ithout a period of denitrogenation. 

A pair of respii'atory, loY'-resistance flutter valves Y'^as attached to the tracheal 
cannula. The inflow Y^as from a four-liter rubber bag supplied from the tank of 
nitrous oxide mixture. Precautions Y^ere taken to avoid leaks and the possibility 
of rebreathing the gas mixture. 

Before the nitrous oxide technic can be applied to a particular tissue, the par- 
tition coefficient of nitrous oxide in that tissue should be knoYm. This was ac- 
complished bj’- in vitro experiments using dog and human hearts. The method 
used Y^as the same as that used by Kety, Harmel, Broomell and Rhode in estab- 
lishing a partition coefficient for nitrous oxide in cerebral tissue (10). In brief, 
dog or human hearts Y^ere homogenized in a Waring Blender, placed in a tonom- 
eter and alloY'ed to come to equilibrium with nitrous oxide gas. The tissue Y'as 
then analyzed for the nitrous oxide content. The results are summarized 
in table 1. 

The source of blood samples 1. Venous. In the first eight experiments, coro- 
nary venous blood was obtained from the coronary sinus by means of a catheter 
inserted through the right auricular appendage and into the sinus a maximum of 
2 cm. The results of these experiments have been briefly reported elsewhere (3). 
Because 6 of the 15 measurements of coronary blood flow indicated gross contami- 
nation, we abandoned this source of venous blood. As Y'ill be seen below (Table 
4), no such contamination occurs Avhen the catheter is introduced from inside the 
venous system and is free to move Y'ith the heart. At the time, hoY'ever, it 
seemed advisable to obviate all risk of contamination with blood from the right 
auricle, and for this purpose a silver cannula Y'as tied into the gi’eat cai’diac vein 
and the blood Y'as allowed to floY’ continuously into a small flask. This blood 
was returned to the animal at frequent intervals via the femoral vein. Only the 
experiments in Y'hich venous blood Avas obtained in this fashion have been in- 
cluded in the comparison of the bubble flowmeter and the nitrous oxide 
methods. 

2. Arterial. Arterial blood samples must be Y-ithdraY-n from the efferent limb 
of the bubble flowmeter. If tliis is not done, the A'enous concentrations of nitrous 
oxide develop abnormally sloAvly in relation to the arterial concentrations. The 
explanation is that arterial blood to the area being studied must pass through the 
bubble meter before reaching the coronaiy circulation, the transit requiring an 
ar-erage of one mmute. If the arterial samples are not AA-ithdi-aY'n from the effer- 
ent hmb of the meter, then the sampling time is one minute earlier than the time 
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the blood enters the myocardium. This factor has led to difficulties in investi- 
gations of the cerebral circulation (9, 11). 

Care of the blood syringes. Blood samples were vuthdravui into oiled syringes, 
the tips of which were filled with heparin. Aiderial, coronary venous and mixed 
venous samples were collected synchronously. The sju'inges were then capped, 
immediate^ immersed in ice water and placed in a refrigerator until the bloods 
were analyzed for nitrous oxide content (1). Blood samples for oxygen and car- 
bon dioxide deteiminations were treated in the same manner and were analyzed 
by the method of Van Slyke and Neill. 

Results. A simultaneous comparison of the nitrous oxide and bubble flow- 
meter methods of measuring coronaiy blood flow has been made 17 times in 10 
experiments. The average results are shovm in table 2. In general, there was a 
satisfactozy agi’eement between the two methods. 


TABLE 1. Heart; blood partition coefficient of nitrous oxide 



NO. ANALYSES 

AVG, COEFFICENT 

STANDARD ERROR 

Dog 

5 

1.05 

1.13 

0.013 

Human 

5 

0.013 




TABLE 2. Comparison of mean values for coronary blood flow measured simul- 
taneously BY THE BUBBLE FLOWMETER ANd'nITROUS OXIDE METHODS 
(17 determinations in 10 experiments) 


BUBBLE FLOW-lIETER 

NITROUS OXIDE 

COEFFICIENT OF 
CORRELATION 

PARTITION COEFFICIENT 

cc/lOOG/min. 

63.7 

ccllQOG/min, 

67.8 

0.77 

0.97 s.e. ±0.052 


An anatysis of the data (talzle 2) indicates that the flows obtained were not 
identical. Several factors may have contributed to this discrepancy, (a) 
There may have been an overlap of arterial supplj’- to the area of the heart whose 
venous drainage was being studied. In order to obtain complete agreement be- 
tween the two technics, all blood in the venous sample must be supplied through 
the bubble meter. The importance of the site of collection of the arterial samples 
mentioned before indicates that arterial blood in the area under measurement 
reached a given concentration of nitrous oxide one minute (more or less depending 
on the rate of flow) after arterial blood which did not pass through the meter, 
(i.e. in intact coronazy artezles). If these two azterial sources overlapped, the 
z’esultant venous nitrous oxide concentration would rise faster than it should and 
the nitrous oxide flow would be too rapid. 

This overlap unquestionably existed in many instances. In only a few experi- 
ments did tempoi-azy occlusion of the artezial inflow cause cessation of the venous 
outflow. Also, we became convinced that the venous drainage of the heart was 
too vfldespread to say that any one vein di’ains only a specific area supplied by a 
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specific artery. In bubble meter experiments performed with the chest open, we 
have injected a dye (Evans Blue) into the efferent tube of the meter and have 
seen it appear in all the veins visible on the heart, right and left ventricular wall 
alike. Prinzmetal, et al. (12) have obtained more precise results on this subject. 

(6) Our method of establishing blood flow per hundred grams of left ventricle 
per minute (8) may have led to errors. The procedure used was to terminally in- 
ject a solution of Evans Blue d 5 ^e into the efferent tube of the meter and sacrifice 
the animal before recirculation could occur. The dyed portion of the heart was 
then carefully cut away from the unstained portion and weighed. The metered 
flow was considered as flow to this area and on this basis flow per hundred grams 
of left ventricle per minute was established. Overstaining, understaining or poor 
separation of dyed and undj'^ed areas are all possibilities. 

In view of the overlap mentioned, it is surprising that the agreement between 
the two methods was so close. The results therefore indicated that the nitrous 
oxide method was capable of 5 delding valid measurements of coronary blood flow 
and should receive a trial in the intact animal. 

Since the constant of partition as determined from the bubble meter experi- 
ments was 0.97 and that from the in vitro dog heart experiments was 1.05, we 
felt that a value of 1.0 could reasonably be assigned to this coefficient. 

II. MEASUREMENT OF CORONARY BLOOD FLOW IN THE INTACT DOG BY THE 
NITROUS OXIDE METHOD ALONE 

Since the two methods showed satisfactory correlation when used simultane- 
ously, we were ready to proceed with estimations of coronary blood flow by the 
nitrous oxide method with the newly developed procedure for catheterizing the 
coronary sinus of the intact dog (4) as soon as the latter became available. 
Because of the contamination encountered in the bubble flovuneter experiments 
(presumably with blood from the right auricle) when a catheter was introduced 
by direct exposure into the coronary sinus (3), we sought at first to have the 
catheter tip penetrate as far as possible into the coronary vernous system. For 
this purpose we used large dogs and advanced the tip of the catheter to a point 
just inside the great cardiac vein, meaning that the tip was at least 3-4 cm. from 
the ostium of the coronary sinus. As a final precaution we withdrew the coronary 
blood samples at a uniform rate calculated to be less than that at which blood 
was entering the coronary veins, i.e. no faster than 6 cc. in 30 seconds. 

These precautions were taken in all the folloudng experiments. 

Methods. In ten experiments, the coronarj'- sinus was catheterized by the 
method previously described (4). A slow flow of normal saline was allowed to 
pass through the catheter. Mean arterial blood pressure was recorded from a 
femoral arterj’’ by a mercuiy manometer. In all but three experiments the 
animals were allowed to recover. 

The nitrous oxade was administered through an endotracheal tube. Passage 
of air around the tube was prevented by an inflated balloon on the tube or by 
carefully packing the pharjmx. The respiratoiy flutter valve and the nitrous 
oxide administration were as described before. Blood samples were unthdrawn 
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through manifolds (see (9)) connected to the femoral arteiy and coronary sinus 
catheters. 

Results. The mean control values of ten experiments in which coronary- 
blood flow was measured 17 times are summarized in table 3. It can Ije seen that 
bj’- this method coronary blood flow per hundred gr-ams of left ventricle was 
slightly above the value previously’- reported from control values obtained with 
the bubble flomneter on another gr'oup of experiments. The oxygen consump- 
tion figure was correspondingly slightly higher. The lower coronary'- venous oxy- 
gen content in these experiments was probably' a reflection of the lower arterial 
oxy'gen content. It is of note that the coronary arterio-venous oxygen differ- 
ence was approximately the same in both groups. 

In the course of these experiments rve came to believe that the contamination 
observed in the early- experiments probably' did not mean inevitable admixture 


TABLE 3. Comparison of jiean control val-ues obtained separately by the 

NITROUS oxide AND THE BUBBLE FLOWMETER JIETHODS 



KITROUS OXIDE 

BUBBLE FLOWMETER* 

Control values 

Coeff. var. 

Control values 

Coeff. var. 

No. experiments 

10 ! 

i 

1 

10 


No. observations 

17 


19 


Coronary flow (cc/lOOG/min.) 

71.3 

15.7 

66.0 

13.0 

Oxy'gen consumption (cc/lOOG/min.). . 

9.0 

19.1 

8.S 

13.0 

Art. O 2 content (vol. per cent) 

16.4 

11.5 

19.0 

13.2 

Cor. venous O 2 cont. (vol. per cent) 

2.9 

25.1 

5.7 

44.0 

Mean art. B.P. (mm. hg) 

129 

9.1 

124 

19.0 

Cardiac rate 

156 

11. S 

175 

,20.8 


* (3) 


of blood from the right auricle ndth the sample collected from the catheter in the 
coronary sinus. Reasons for this belief are given below (see Discussion). Since 
insertion of the catheter into the coronary veins was found to increase the 
incidence and severity' of pathological changes in the my'ocardium (see 4), 
shallo-vi' insertion would be preferable if it could be proved equal to deep insertion 
from the standpoint of collection of imcontaminated coronary venous blood. 
Accordingly' two final groups of experiments were made in which the catheter tip 
was a) not more than 2 cm. and b) 4-5 cm. inside the ostium. The results are 
summarized in table 4. In these experiments the shallow insertion led to signifi- 
cant contamination in only' 2 out of the 10 cases as compared ■\i'ith 5 out of 7 of 
the deeper insertions. The values for coronary flow and cardiac oxygen con- 
sumption were significantly higher in the shallow insertion than in the deeper 
ones. However, a very' recent series of 4 cm. insertions has yielded values com- 
parable with those obtained in these animals v'ith 2 cm. insertion, and this 
difference at least may' turn out to have been fortuitous. At present it seems 
proper to conclude only' that the position of the tip of the catheter is immaterial 
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so long as it is y'oII Yithin the coronarj" sinus and does not obstruct the flow in 
any of its tributaries. 

Discussion. In analyzing this method of measuring coronary blood flow, 
several important questions arise. 

1. Many of the curves draum from the data indicate some e^’idence of ‘con- 
tamination’. By ‘contamination’ is meant the failure of the venous curve to 
approach the arterial as a single exponential function. Two primary factors 
could be involved here, either working in combination or separately: a) Admix- 
ture of coronary venous blood with mixed venous blood and b) the presence of 
another tissue which has a slower blood flov" and/ or a greater nitrous oxide ca- 
pacity than cardiac muscle, viz. fat. 

Mixed venous blood could come from either retrograde floiv into the coronary 
sinus or from retrograde flow through Thebesian channels from either the right 
or left ventricle as suggested by the ivork of Prinzmetal, ct al. (12). If retrograde 
floiv occurred from either of these sources, one would expect the degree of con- 
tamination to vary widely from animal to animal. This has not been the case. 
In the experiments summarized in table 3, the degree of ‘contamination’, as deter- 
mined by the nitrous oxide curves, amounted to an average of 4.4 per cent with a 
range of 0 to 14.5 per cent. Even in the experiments summarized in table 2 
where the venous blood was obtained only from the great cardiac vein, thus rul- 
ing out retrograde flow' from all sources but Thebesian channels from the left 
ventricle, there was an average of 3.0 per cent ‘contamination’. 

In an endeavor to obtain data of a more unequivocal nature, we have at- 
tempted several experiments in wiiich samples from the coronarj' sinus catheter 
were withdrawn during the injection of an 0.1 per cent solution of Evans Blue 
Dye into the inferior A'ena cava or into the right auricle. In none of these experi- 
ments was there any evidence of gross contamination of the coronaiy venous 
blood, but the method was not delicate enough to give evidence as to the source 
of the 4.5 per cent ‘contamination’ noted wdth the nitrous oxide flows. We be- 
lieve that the absence of variability from animal to animal, the evidence obtained 
by the dye injection, and the infrequency of contaminated curves from shallow 
insertion of the catheter is strong enough to indicate that the ‘contamination’ 
is not from the admixture of coronary venous blood with other venous blood. 

If one assumes therefore, that it is tissue other than cardiac muscle, probably 
fat, that causes the ‘contamination’, then the blood flow values as reported herein 
are probably somewhat less than true coronaiy flow'. It may be possible, by 
w'hat promises to be a fairly complex mathematical analysis (13), to resolve the 
compound cun'es into their pure components. Until such time, however, the 
relative insignificance of the factor of ‘contamination’ permits our values to re- 
present a satisfactory approximation of true myocardial blood flow. 

2. A second question of major importance is, does the myocardium come into 
equilibrium with the arterial nitrous oxide content by the end of ten minutes? 
We were unable to devise a method of administering nitrous oxide to a dog and 
then obtaining anerobic samples of the myocardium for analysis. In investigat- 
ing this factor as applied to the brain, Kety ct al. (10) found that the brain did 
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come into equilibrium with the cerebral venous blood within ten minutes. On 
comparing the capillaiy density of the myocardium and the brain (see Craigie, 
14, for the brain and Weam, 15, for the myocardium) it was found that the myo- 
cardium is approximately five times more vascular than the brain; thus the heart 
should reach equilibrium even more rapidly than the brain. 

3. When one applies this method to the measurement of coronary blood flow, 
is the result a measure of coronarj'- blood flow for the entire heart or does it apply 
to a specific area? Venous blood appearing in the coronary sinus is primarily 
an outflow from the left ventricle (16, 17). However, apparently considerable 
amounts of blood from other sources may appear in the sinus (12). Vfliile we 
have made no measurements of blood flow in the right coronary arterj’- nor of the 
oxygen consumption of the right ventricle, there seems to be no reason why these 
two factors should behave different^ than they do in the left ventricle. How- 
ever, due to the work differential, rate of flow and oxygen utilization by the right 
ventricle may differ from that which is occurring simultaneously in the left 


TABLE 4. Comparison of mean values obtained when coronary venous blood was 
collected 2 CM AND 4 OR MORE CM INSIDE THE OSTIUM 



4+ CM 

2 CM 

Control 

values 

i Coeff. 
var. 

Control 

values 

Coeff. 

var. 

No experiments 

6 


7 


No observations 

7 


10 


Coronary flow cc/lOOG/min.) 

74 

7.5 

86 

11.0 

Oxygen consumption (cc/lOOG/min.) 

9.1 ' 

8.0 

1 12.3 

1 17.0 

Art. O2 content (vol. per cent) 

16.8 

14.0 

18 0 

7.0 

Cor. venous O2 content (vol. per cent) 

4.2 

25.0 

3.6 

26.0 

Mean art. B.P. (mm Hg.) 

126 ’ 

13.0 

134 

11.0 

Cardiac rate 

134 ' 

1 

16.0 

145 , 

8.0 


ventricle. This was well sho'^m by the work of hloe and Yisscher (18). The 
admixture of the blood in the coronary sinus from right and left ventricle is 
probably not sufficient for the sinus blood to represent a true average of all 
coronaiy venous blood. Thus we prefer to consider the figures obtained from 
the nitrous oxide flows as representing left ventricular blood flow. 

Difficulties and limitations of the method as applied to the heart. 1. Occasion- 
ally after the catheter has been introduced into the coronarj'- sinus, it is not pos- 
sible to get a free withdrawal of blood. The apparent explanation for this 
difficulty lies in the structure of the coronaiy sinus and the veins opening into it. 
At the opening of each major vein into the coronaiy sinus there are valves of the 
semilunar type (19). The valve that guards the opening of the great cardiac 
vein into the coronaiy sinus lies at the end of the sinus and thus directly in the 
path of the catheter should it be introduced 3 cm. or more. If the catheter tip 
gets into the pocket of this valve, it cannot be readily advanced nor nan blood 
be withdrawm from it since the valve flap effectively occludes the tip. Careful 
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manipulation of the catheter may remove it from this pocket, or if the tip of the 
catheter has multiple openings, blood may be ■v\dthdra%vn. 

The sharp cur\^ature of the sinus may interfere to some extent if the catheter 
is .not sufficiently flexible. Here, the tip of the catheter impinges against the 
wall of the sinus and withdrawal of blood becomes difficult. Again, a catheter 
with multiple openings at the tip is useful. 

2. If the catheter is advanced too far into the great cardiac vein or if the 
catheter is too large, a complete or partial obstruction of the venous return into 
the coronary sinus might occur. A marked pulsation of the saline in the Murphy 
Drip attachment to the catheter suggests this complication. Such an obstruc- 
tion would not only make nitrous oxide deteiminations unreliable but would 
also invalidate the oxygen and carbon dioxide findings. Using .large dogs, 
medium-size catheters (size 7 or 8F) and by advancing the tip of the catheter 
about 2-4 cm. into the sinus as deteimined by fluoroscopic vision, we could 
usually obviate this difficulty. 

3. Trauma to the coronary sinus system has been noted in our series. This 
has been discussed in the preceding paper (4) and needs no further comment here. 

4. The nitrous oxide method of measuring blood flow can be applied only if 
the conditions under which the flow is measured remain static for at least the 
ten minutes required for measuring the flow. This decreases the value of the 
method for the study of the action of many comparative^ shorter-acting drugs. 

Subject to these limitations, we believe that the nitrous oxide method of 
measuring coronary blood flow is practicable. The method has yielded results 
comparable to those obtained by the bubble meter in the dog. In view of the 
untoward pathological findings in the dog, the adaptation of this method to man 
must be made with caution. However, one cannot overlook the fact that the 
coronary sinus of man has been catheterized many times incidental to right 
auricular catheterization (5-7), and there has been as yet no indication that the 
procedure is dangerous. 


SUMMARY 

The nitrous oxide method of measuring blood flow has been investigated to 
determine its adaptability to the coronary circulation. The method has been 
calibrated by simultaneous bubble fiomneter deteiminations. Control values 
for measurements of the coronary blood flow of the dog by this method are 
presented and compared Mth similar control values obtained previously 'ulth the 
bubble fiomneter. The difficulties and limitations of the method in its applica- 
tion to the coronaiy blood flow are discussed. Untoward effects have become 
less frequent and severe as our experience and sldll have increased but they have 
not been eliminated by any refinements thus far developed. 

The authors wish to express their appreciation to Dr. Carl F. Schmidt for his valuable 
suggestions and criticisms offered during this investigation. They also uush to acknowl- 
edge the assistance of Dr. E. L. Foltz in some of the e.xperiments and the technical help 
given by Miss H. T. Broomell, Mrs. C. B. Rhode, M. Paul, and W. Tuddenham. 
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Until recently, the nonnal range for the saturation of arterial hemoglobin uuth 
oxygen has been considered to be 93 to 97 per cent. In 1944, Roughton, Darhng 
and Root (1) analyzed critically certain errors that may occur in the determina- 
tion of the percentage saturation of hemoglobin with ox^'^gen and concluded that 
the average normal figure of 95 per cent should be revised upward to 97 per cent. 
At the same time, Drabkin and Schmidt (2) measured the arterial oxj’-gen satura- 
tion in five normal males by a spectrophotometric technique and found an aver- 
age figure of 98.6 per cent with a very narrow range (98.0 to 99.3 per cent). 

Because of the great importance of the estimation of arterial oxygen satura- 
tion as an overall test of lung function, Ave decided to perform further studies 
upon a larger group to determine a) Avhat constitutes normal arterial oxygen 
saturation and h) Avhether presumably nonnal individuals vary AA'idely about an 
average figure or Avhether normalitj’’ is confined to veiy narroAv limits. 

Roughton, Darling and Root (1) concluded that the errors in the Van Slyke 
technique lay not in the determination of O2 content of the arterial blood, but in 
the estimation of the O2 capacity by the in vitro equilibration technique. We 
decided, therefore, to avoid the errors inlierent in the in vitro equilibration 
technique and to determine O2 capacity by an in AUAm equilibration technique 
employing knoAATi concentrations of O2 in the alveoli. After determining the 
content of O2 in the arterial blood AA'hile the subject Avas breathing room air, the 
capacity of hemoglobin to take up O2 AA-^as found by measuring the arterial Oo 
content during inhalation of 100 per cent O2. Appropriate corrections Avere 
made in each case for the amounts of O2 present in the bloods in physical solution. 
An example foUoAvs: If the O2 content of arterial blood taken from a subject dur- 
ing inhalation of room air AA^as 19.3 Amis, per cent and the O2 content of arterial 
blood taken during inhalation of 100 per cent O2 was 22.04 vols. per cent, AA'hen 
appropriate subtractions are made to eliminate the O2 dissoRed in physical solu- 
tion in the bloods at the respective O2 tensions (3), these figures become 19.0 and 
20.0 Amis, per cent. The saturation of arterial blood (during inhalation of room 
air) thus becomes 19/20 or 95 per cent. 

* The work described in this paper was done under contract between the Medical Divi- 
sion, Chemical Corps, U. S. Army, and the University of Pennsylvania. Under the terms 
of the contract the Chemical Corps neither restricts nor is responsible for the opinions or 
conclusions of the authors. 
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This method of ‘in vivo equilibration’ with 100 per cent Oo to determine O 2 
capacity of arterial blood was carried out in a series of 20 normal males, and the 
oxj’'gen saturations calculated as above. In addition, for purposes of compari- 
son, arterial oxygen saturations were determined in the same subjects by a) 
the usual technique of determining capacity by in vitro equilibration of blood 
vdth room air and b) noting the rise in oximeter readings of arterial oxygen satura- 
tion upon breathing 100 per cent O 2 . 

METHODS 

A. General. Twenty normal males between the ages of 18 and 63 served as 
subjects; 12 were normal medical students and the remainder were ambulatory 
patients with no known pulmonary disease. Each subject lay quietly in bed for 
15-20 minutes. During this time an oximeter was placed upon his ear and 
sufficient time allowed for full vasodilatation of the ear vessels. The oximeter 
was set to read 95 per cent saturation. The subject breathed through valves, 
and the minute volume of respiration was recorded by conducting the expired 
air into a balanced compensated spirometer equipped for graphic recording. The 
region around a brachial or femoral artery was thoroughly infiltrated with 1 per 
cent procaine. A 10 cc. syringe with a ^ 20 gauge intraspinal needle attached 
was prepared by drawing a small amount of heparin solution into the syringe, 
pulling the plunger back to the 10 cc. mark so that the walls of the syringe Avere 
wet with heparin. The air and the remainder of the heparin were then slowly 
ejected through the needle. In this way the dead space in the needle and syringe 
(average 0.15 cc.) was filled vdth anticoagulant. The needle was then inserted 
into the artery; in no instance did the subject experience discomfort or know the 
precise time of arterial puncture. None of the respiratory records showed hypo- 
or hypeiwentilation during the withdraAval of blood. Ten cc. Avere AvithdraAAm, 
the syringe Avas disconnected from the needle and the latter Avas styletted and left 
in place. The syringe AA^as immediately capped, taken to a Van Slyke mano- 
metric gas analyzer prepared to receive it and the analysis for CO 2 and O 2 con- 
tent AA’as begun at once (blood ^ 1). 

As soon as the first blood sample AA’^as AAuthdraAATi the subject Avas giA’'en 100 
per cent O2 to breathe for 10-15 minutes. This period Avas considered sufficiently 
long to produce maximal arterial oxygen levels because a) inhalation of 100 per 
cent O2 reduces the alveolar air (and presumably the arterial blood) nitrogen to 
negligible Amlues in fiA'^e minutes and b) oximeter records demonstrate that the 
arterial oxygen saturation reaches its peak Avithin 2-3 minutes after inhalation of 
100 per cent O2. After 10-15 minutes, a second sample of arterial blood AA^as 
AAdthdraAATi and immediately analyzed for CO2 and O2 content (blood ^2). 

B. Van Slyke technique. The same 1.0 cc. pipette AA’^as used for duplicate 
anatyses. In order to prevent anj”- loss of blood gases during the filling and emp- 
tjdng of the pipette, a modified mercur3'’-filled pipette AA'^as used in experiments 
11 to 20 so that the blood AA-as never exposed to air. Before each analysis the 
blood AA’as mixed thoroughly by agitating Avith a small amount of chemically 
clean mercury that had been draAATi into the syringe. Taa'o or three analyses 
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were performed on each sample, the blood being stored in the capped, iced sy- 
ringes between analyses. The standard error in the series of duplicate determi- 
nations was 0.07 per cent; the standard error for the calculated O 2 saturation was 
0.5 per cent saturation. 

Each sample was also analyzed in the Evelyn photo-electric colorimeter for 
total hemoglobin pigment after conversion to cyanmethemoglobin. This was 
done to detect any change in red blood cell-plasma ratio that might have oc- 
curred in the circulating blood between the vdthdrawal of samples 1 and 2. 
In 9 of the 20 subjects, the readings were identical in the two samples; in the 
others slight corrections were necessary. 

Calculations were performed as follows. Blood ^ 1: The oxygen contents 
obtained in the duplicate analyses were averaged, and 0.3 cc. subtracted from 
this figure; 0.3 cc. represents the amount of O 2 physically dissolved in arterial 
blood at 38° C. (3) at the p02 of 100 mm. Hg believed to represent average ar- 
terial oxygen in normal subjects breathing room air (4, 5). The figure thus 
obtained represents the amount of O 2 combined with hemoglobin in blood ^ 1. 
Blood ^ 2: Duplicate analyses were averaged. If the total pigment, as de- 
termined by the determination of cyanmethemoglobin, differed in bloods 1 and 
^ 2, the O 2 content of blood ^ 2 was corrected to that both samples represented 
the same amount of total pigment. Then 2.04 cc. were subtracted; 2.04 cc. 
represent the amount of physically dissolved O 2 in arterial blood at 38°C. and a 
PO 2 of 673 mm. Hg. (That the figure of 673 mm. Hg may be too high null be 
commented upon later.) The resulting figure represents the amount of O 2 
combined Avith hemoglobin in blood 2. The fully corrected figure for blood 
^ 1 divided by that for blood ^ 2 represents the arterial O 2 saturation of blood 
^ 1 (that obtained during breathing room air). 

This method was checked by an in vitro equilibration technique which was 
performed as follows: A portion of blood ^ 1 was rotated in a 50 cc. flask for five 
minutes at room temperature. Then two pipettes were filled simultaneously in 
order to obtain blood of the same red blood cell-plasma ratio. One of these was 
used for analysis for O 2 capacity in the Van Slyke apparatus (blood 3) and the 
other for determination of total pigment after conversion to cyanmethemo- 
globin. The value obtained for O 2 capacity was cqrrected in two ways: a) 0.56 


to 0.63 cc. was subtracted to correct for the amount of physically dissolved O 2 
in blood at 154 mm. PO 2 and at temperatures ranging from 29° to 24° C.; h) if the 
total pigment differed in bloods ^ 1 and ?^3, corrections were made to equalize 
the total pigments. In 12 of 17 cases the total pigment was greater in the equi- 
librated sample, thus supporting Houghton’s statement that drainage ei-rors 


in the glass vessel cause the sample to be unduly rich in red blood cells (1). 


O 2 saturation was then calculated as: 
O 2 saturation. 


corrected blood content 
corrected blood capacity 


X 100 = per cent 


C. Oximeter technique. After an ear ‘warm-up’ period of 15 minutes and an 
instrumental ‘warm-up’ period of 45 minutes, the oximeter (6) was set to 95 per 
cent saturation when the subj ect was breathing room air. The maximal increase 
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that folloAved inlialation of 100 per cent O 2 was noted (iwthin two to five minutes 
after blood 1 was withdravm) . The O 2 saturation of the subject during breath- 
ing of room air Avas considered to be 100 per cent minus the per cent saturation 
increase that occurred during O 2 inhalation. A similar procedure Avas carried out 
in 39 additional subjects on AA^hom oximetry alone AA’as done, and no arterial 


TABLE 1. Corrected O 2 contents of arterial bloods taken during 
INHALATION OP ROOM AIR AND 100% 0; 


SUB- 

JECT 

# 

’CORRECTED CONTENT 

PER CENT 

O 2 ADDED TO 

SUB- 

JECT 

ICORRECTED CONTENT 

PER CENT 
SATURATION 

02 ADDED TO 
HEMOGLOBIN 

room air 

ioo7o O 2 

SATURATION 

11 lU 0 LfU IS 1 N 

room air 

100 % O 2 

1 

18.45 

19.71 

93.6 

CC. 

1.26 

11 

17.50 

17.86 

98.0 

CC, 

0.36 

2 

16.40 

16.66 

98.4 

0.26 

12 

21.25 

22.51 

94.4 

1.26 

3 

19.80 

20.19 

98.1 

0.39 

13 

17.45 

18.16 

96.1 

0.71 

4 

19.25 

20.13 

95.6 

0.8S 

14 

17.00 

17.46 

97.4 

0.46 

5 

19.75 

19.66 

100.5 

-0.09 

15 

18.87 

19.13 

98.6 

0.26 

6 

18.75 

18.99 

98.7 

0.24 

16 

16.70 

17.28 

96.6 

0.58 

7 

16.90 

17.06 

99.1 

0.16 

17 

15.32 

15.82 

96.8 

0.50 

8 

21.25 

21.99 

96.6 

0.74 

IS 

17.50 

17.56 

99.7 

0.06 

9 

20.40 

20.54 

99.3 

0.14 

19 

18.63 

18.43 

101.0 

-0.20 

10 

18.05 

18.66 

96.7 

0.61 

20 

18.15 

19.09 

95.1 

0.94 


^ Corrected a) by subtraction of amount of physically dissolved O 2 .; h) by equilization of 
total hemoglobin pigments in the two samples. 


TABLE 2. Comparison of O2 saturations estimated ba' three methods 


SUB- 

JECT 

IN VIVO TECH. 

IN VITRO TECH. 

OXIMETER TECH, 

SUBJECT 

IN VIVO TECH. 

IN VITRO TECn. 

OXIMETER TECH . 

1 

93.6 



94.5 

11 

98.0 

94.7 

96.0 

2 

98.4 

— 

98.0 

12 

94.4 

96.4 

95.0 

3 

98.1 

98.4 

97.5 

13 

96.1 

95.2 

97.0 

4 

95.6 

97.5 

96.5 

14 

97.4 

— 

94.0 

5 

100.5 

98.8 

95.0 

15 

98.6 

95.7 

96.0 

6 

98.7 

99.2 

97.0 

16 

96.6 

98.5 

95.5 

7 

99.1 

97.0 

97.0 

17 

96.8 

95.0 

97.0 

8 

96.6 

98.8 

95.0 

18 

99.7 

101.4 

98.0 

9 

99.3 

97.2 

96.5 

19 

101.0 

100.0 

95.0 

10 

96.7 

98.1 

97.0 

20 

95.1 

93.2 



Average 

97.5 

97.4 

96.2 


samples were AAuthdraAATi. In all 58 cases, ear thickness readings were noted fre- 
quently to be certain that conditions were steady throughout the experimental 
period. , 


RESULTS 

In table 1 are shoAAm the corrected O 2 contents of 20 normal basal individuals 
breathing room air and 100 per cent O 2 . On the basis of these figures, the O 2 
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saturation of the arterial blood averaged 97.5 per cent, ndth a range of 93.6 to 
101.0 per cent. Eight of 19 determinations varied from the average by more than 
2 S.E. of the method. 

In table 2 is shown a comparison of the O 2 saturations determined in these 
subjects by the three methods. The average figures for the ‘in vivo’ and ‘in 
vitro’ saturations show excellent agreement; the individual differences may be 
accounted for largely by a summation of experimental errors in the determination 
of oxygen content and total pigment. The average saturation determined by 
the oximeter technique was only 96.2 per cent.^ The standard error of the mean 
of the differences between the ‘in vivo’ equilibration and the oximeter in the 19 
cases was 0.5 and the t value was 3.0, so that the difference is clearly significant. 

DISCUSSION 

Several possible sources of error in our methods should be considered. First 
of all, the absolute values for O 2 saturation depend upon the estimation of dis- 
solved O 2 in the two blood samples. The amount of dissolved O 2 depends upon 
the arterial p02 and the a O 2 at 38°C. The arterial p02 was not measured but 
estimated. The arterial p02 of normal males breathing room air at rest is knomi 
to be about 100 mm. Hg (4, 5), and a small variation here would not alter the 
results appreciably. On the other hand the arterial PO 2 during inlialation of 
‘100 per cent’ O 2 may be less than 673 mm. Hg for several reasons: a) the O 2 used 
contains only 99.7 per cent O 2 ; h) small amounts of N 2 must enter the alveolar air 
from the venous blood during the experimental period; and c) the arterial p 02 
may be 10 to 30 mm. below the alveolar p02 for a variety of reasons (7, 8). If 
the arterial p02 were as much as 30 mm. below the alveolar p02, this would tend 
to reduce the arterial saturations (calculated by the in vivo equilibration tech- 
nique) by approximatelj'' 0.5 per cent. 

We have used in this study the average figure for a O 2 at 38‘’C. determined for 
whole ox blood by Sendroy, Dillon and Van Slyke (3). It is possible that this 
varies slightly from species to species and from individual to individual. No 
allowances have been made for this. 

VTiile the in vivo equilibration technique is useful experimentally, it is not 
applicable to clinical usage, for it can be employed only when the arterial p 02 is 
measured or can nith reasonable accuracy be estimated . In patients with cardio- 
respiratory disease, large errors may occur if arterial p 02 is assumed during in- 
halation of either room air or of 100 per cent O 2 . 

It appears from this study, as from a previous investigation (1), that the in 
vitro equilibration technique for O 2 saturation can be made more accurate by 
correcting for drainage errors and for dissolved O 2 (3). Many clinical labora- 
tories measuring O 2 saturation by the in vitro technique fail to make either cor- 
rection. Failure to make the simple correction for dissolved O 2 results in a figure 
for O 2 saturation of 1.5 per cent below the true value, if the equilibration was 
carried out at room temperature. 

® Dr. W. M. Boothby of the Mayo Foundation determined arterial oxj'gen saturation by 
the o.ximeter technique in a large group of normal men and found it to be approximately 
97 per cent (personal communication). 
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It should also he pointed out here that the error is such in the determination 
of O 2 saturation by manometric techniques that significance should not be at- 
tached to small differences. 

The error appears to be greater in the use of the oximeter. First of all, the 
average saturation was significantly lower by this technique. In addition, oxi- 
meter increases of 5 per cent occurred in subjects 5 and 19, both of whom were 
completely saturated by one or both of the other techniques. While this may 
be explained as a summation of errors, it is possible that the oximeter scale may 
be incorrect in the 95-100 range (expanded too much) or that the oximeter may 
be analyzing blood that contains slight admixtures of venous blood (either be- 
cause of incomplete capillary dilatation, because of O 2 consumption bj’’ the ear 
tissues, or because of vasoconstriction induced hy ox 3 ’’gen inhalation). 

We have emplej'^ed the oximeter increase on breathing O 2 as a rough measure 
of the original arterial O 2 saturation. The limitations of this are obvious: the 
oximeter measures changes and not dbsohde saturations, unless the oximeter is 
first set at a know value. In our experience with 58 normal sub] ects, inhalation 
of O 2 raised the oximeter reading an average of 3.8 with a S.D. of 1,36 and a range 
of 2 to 6 per cent. Thus an increase upon breathing O 2 of more than 8 percent 
(average + 3 S.D.) indicates definite anoxemia. The reverse is not true, i.e. a 
change of less than 8 per cent does not necessarilj'^ rule out anoxemia. In our 
experience, however, the rate of increase of arterial O 2 saturation is a more sensi- 
tive indicator of cardiorespiratory abnormality than is the amount of increase (9). 

The results obtained in this studj’’ by the in vivo and in vitro techniques agree 
vdth the findings of Roughton et al. (1) that average nonnal arterial O 2 saturation 
is greater than 95 per cent and closer to 97.5 per cent. The latter figure is 1.0 
to 1.5 per cent lower than that obtained by Drabldn and Schmidt (2). The 
variability in our subjects cannot be explained whollj’- on the basis of the experi- 
mental errors listed. It is possible a) that a lower average arterial O 2 saturation 
occurs in some individuals because of improper mixing or diffusion of gases in 
or through circulated alveoli or because of other shunts or h) that some methemo- 
globin or carbon monoxide hemoglobin exists in the arterial blood of certain 
individuals; these may be converted into O 2 canying hemoglobin in the presence 
of a high arterial p02. Methemoglobin concentration was not determined in 
this study. Van Slyke et al. (10) found an average of only 0.4 per cent meth- 
emoglobin in freshly dravm venous blood and noted that in about half the 
bloods its concentration was so low as to be uncertain. The mean total ‘inactive’ 
hemoglobin was found to be 1.3 per cent in their subjects. Van Styke did not 
determine these values upon arterial blood; it is possible that ‘inactive’ hemo- 
globin would be less or absent in arterial blood, as indicated b}’’ the work of 
Drabldn and Schmidt (2). 

The blood of subject 20 ivas tested for carbon monoxide hemoglobin b 3 '’ a veiy 
sensitive method by Dr. Speahnan and none could be found. Since the blood 
of this subject was 95.1 per cent saturated, this low figure could not have been 
accounted for b 3 '^ the presence of carbon monoxide hemoglobin in blood ^ 1 and 
• its absence in blood of the in vivo equilibration technique. No other tests 
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for COHb were made, but all of tbe smoker-subjects (with one exception) had 
not smoked for several hours to several days before the tests. 

SUMMARY 

The arterial oxygen saturation Avas determined in 20 subjects by an in vivo- 
equilibration technique which avoids the chief errors encountered by the usual 
in vitro technique. 

Normal arterial oxygen saturation by this technique averaged 97.5 per cent. 

Saturations Avere measured in the same subjects by a corrected in vitro equili- 
bration technique and by the oximeter. The former yielded an average figure 
of 97.4 per cent and the latter, 96.2 per cent. The usefulness of and errors in 
these techniques are discussed. 
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Studies of the cardiac output of normal individuals during muscular exercise 
have been made by several investigators (1-5). Systemic blood pressure has 
likewise been measured during exercise, making possible the calculation of periph- 
eral resistance and the work of the left ventricle. Until recentty (5), such infor- 
mation was not available in the case of the right ventricle because pulmonary 
arterial pressure was not known. using the technic of pulmonarj’’ artery 
catheterization, both cardiac output and pulmonaiy arterial pressure can he 
determined during exercise, and pulmonary resistance and the work of the right 
ventricle can be calculated. This report deals with such studies on three normal 
individuals and eight patients with chronic pulmonary disease from whom data 
were obtained at rest and during exericse. 

In some patients with chronic pulmonary disease the pulmonary arterial pres- 
sure and cardiac output at rest are normal (6, 7), and it is of interest to determine 
whether the pulmonarj’’ arterial pressure becomes abnormallj' high during exer- 
cise. In these patients and in others rvho show high pulmonary arterial pressure 
at rest it is of importance from the point of view of estimating their disability 
to determine whether there is abnormally low cardiac outprrt or abnormally 
high work of the right ventricle during exercise. 

METHODS 

In most instances the subjects were given mild sedation on the night before 
and the morning of the studies and came to the laboratory without breakfast. 
The normal subjects took no sedation and had orange juice, black coffee, and dry 
toast for breakfast at least an hour and a half before the first samples were taken. 

The catheter was introduced through the basilic vein or one of its tributaries 
with the subject lying on a horizontal fluoroscope, and the tip of the catheter 
was placed in the truncus of the pulmonary artery (8-1 1) . An indwelling ar’terial 
needle was placed in the brachial artery on the other side. Resting pulmonary 

^ Under grants from the Commonwealth Fund and the Life Insurance Medical Research 
Fund. 

- W. F. Hamilton and J. W. Remington, Department of Physiology, University of Georgia 
School of Medicine, collaborated on a comparison of cardiac output methods in which some 
of the data herein presented were used. 
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and brachial arterj'' pressures were recorded with a Hamilton manometer and 
samples were taken for cardiac output determination. The subject then stood- 
up, walked across the room, and seated himself on a bicycle ergometer. During 
the transfer the saline infusion through the catheter was continued by holding 
the flask high, and the arm with the arterial needle was kept extended. In 
spite of slight motion of the arms and head during exercisej no great difficulty 
was encountered in withdrawing blood samples, collecting expired air or record- 
ing pulse-pressure cuiwes. 

All exercise measurements were taken in a ‘semi-steady’ state, i. e., after six or 
seven minutes of exercise at a constant rate and after the pulmonary ventilation 
had assumed an approximately constant value. The work load was varied by 
applying a brake and by changing the rate of pedaling, but was calibrated only 
on the basis of the subject’s oxygen consumption in ml. per minute. Pulmonary, 
and brachial artery pulse-pressure tracings during exercise were taken with an 
electrical type of manometer (12). ' The zero point for pulmonary pressure meas- 
urements was taken as the third intercostal space anteriorly. Pulmonary arterial 
pressure recordings taken with the subject seated on the bicycle before exercise 
served as controls and were comparable to pressures measured in the supine, 
position. The tracings showed more artefacts during exercise than at rest be- 
cause of motion of the catheter, and therefore the values for systolic and diastolic 
pressure -were somewhat less accurate than the corresponding values at rest. 
Mean pressures, calculated by planimetric integration of the pulse-pressure 
curves throughout several complete respiratory cycles, were probably not in 
error by more than 2 mm. Hg. 

Vascular resistances in the pulmonary circuit and in the greater circuit were 
calculated according to the formulae: 


R (pulmonary) = 


P.A.m X 1.332 X 60 
C. 0. 


R (peripheral) = 

where R = vascular resistance in dynes-sec.-cm.~^ 

P. A.m = mean pressure in the pulmonary arterj' in mm. Hg 

B. A.m = mean pressure in the brachial artery in mm. Hg 

C. 0. = cardiac output in 1. per minute. 

Since neither the left nor the right atrial pressure was kno^vn, neither was intro- 
duced into the expression for pressure drop in the numerator of the equations.’ 
Atrial pressure is close to zero in the absence of heart failure or valvular disease, 
however, and any error resulting from the omission of this factor was not great in 
the cases under consideration. There is some evidence that the mean pressure 
in the left auricle is a few mm. Hg higher than in the right (13), and therefore 
resistance in the pulmonaiy vascular bed as calculated may tend to be over- 
estimated. 
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The conventional formulae were used to make a rough approximation of the 
work of the ventricles against pressure: 

W (right ventricle) = C. 0. x P. A.m x 0.1332 

W (left ventricle) = C. 0. x B. A.m x 0.1332 

The work of the ventricles is more accurately determined by using arterial 
pressures during systole rather than over the entire cardiac cycle. When this 
is done, the results come out 10 to 40 per cent higher, according to a recent pub- 
lication by Remington and Hamilton (14), because the mean pressure during 
systole is 10 to 40 per cent greater than the mean pressure over the whole of the 
cardiac cycle. We have not calculated ventricular work in the approved manner 
because of the extreme irregularity of the pulse-pressure tracings during exer- 
cise which would have necessitated an arbitraiy decision as to the duration of 
systole. Since we will be concerned with relative rather than absolute values 
for the work of the I’ight and left ventricles, the conventional formulae are be- 
lieved to provide an adequate estimate of work done against pressure. 

In making physiological interpretations we should like to know how closely 
work done against pressure approximates the total work of the ventricles. It 
is therefore necessary to know the order of magnitude of kinetic work. Authori- 
ties agree that it is insignificant at rest, but since it varies as the cube of the vol- 
ume flow of blood and inversely as the fourth power of the radius of the vessel 
into which the blood is ejected (15), any change in these factors occurring dur- 
ing exercise must be reflected many times over in the value for kinetic work. 
Accurate information regarding the radii of the pulmonary artery and aorta dur- 
ing work is not available, and the effect of various chronic pulmonary diseases 
upon the distensibility of these vessels is diflficult to estimate dui’ing life. Sample 
calculations for normal subjects suggest that kinetic work constitutes approxi- 
mately 3 per cent of the total work of the right ventricle at rest and that the per- 
centage increases considerably during heavy exercise (15, 16). The kinetic work 
of the left ventricle is appro.ximately the same as that of the right in absolute 
terms but constitutes a much smaller percentage of total left ventricular work. 
Disease states which narrow the pulmonary artery or reduce its distensibility 
must increase the Idnetic work of the right ventricle. 

MATERIAL FOR STUDY 

The three normal subjects were physicians in good health, and the eight 
patients suffered from various types of chronic pulmonary disease. Their phys- 
ical characteristics and diagnoses are shown in table 1. 

RESULTS 

Normal subjects. In table 2 the data obtained on the normal subjects are pre- 
sented and the average values for rest and two grades of exercise are calculated. 
For the milder exercise the oxygen consumption varied from 269 to 512 ml. per 
minute per square meter of body surface; for the more severe work the range was 
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TABLE 1 


CASE 

NO. 

DIAGNOSIS 

AGE 

[ SEX 

HT. 

WT. 

i 

B.SA. 





cm. 

hgm. 

sq.m. 

377 

Normal 

36 

M 

176 

62.8 

1.78 

378 

Normal 

32 

M 

178 

66.6 

1.84 

379 

Normal 

26 

M 

178 

70.5 

1.87 

366 

Left pneumonectomy, partial thoracoplasty, 
for tuberculous bronchial stenosis 

34 

F 

150 

48.0 

1.41 

371 

Chronic pulmonary tuberculosis, left fibro- 
thorax, re-expanded pneumothorax 

34 

F 

160 

65.8 

1.71 

372 

Nodular pulmonary fibrosis, cause undetermined; 
chronic pulmonary emphysema, moderate 

39 

F 

160 

48.5 

1.48 

383 

Sili CO -tuberculosis, moderate extent 

39 

M 

181 

84.0 

2.05 

354 

Post-traumatic left fibrothorax, mediastinal 
dislocation 

44 

! 

F 

160 

1 

66.0 

1.69 

368 

Chronic pulmonary emphysema, pulmonary 
fibrosis healed tuberculosis 

40 

M 

165 

59.0 

j 

1.65 

358 

Saccular bronchiectasis, recent acute broncho- 
pneumonia with mild decompensation ' 

54 

1 

M 

178 

74.5 

1.92 

344 

Thrombosis of the left pulmonary artery, mild 
cardiac decompensation 

41 

F 

154 

47.0 

1.42 


TABLE 2 


NO. 

STATE 

u 

H 

< 

W 

H 

< 

U 

e 

g 

z 

0 

H 

1 
tn 

o 

OXYGEN CONSUMPTION 

(ml/min/m^d.s.) 

A-V DIFFERENCE 
(VOL %) 

H 

ga 

o a 

5 a 

5 

STROKE VOLUME 

(ml/beat) 

BLOOD PRESSURES, 

(MM. HG) 

. 

VASCULAR 
RESISTANCE 
DYNES SEC. 
CM“* 

WORK OF THE 
VENTRICLES 
AGAINST PRESSURE 

Brachial 

artery 


Peripheral 

Pulmonary 

Left 

Right 

syst. 

W» 

ct 

g 

V 

B 

syst. 

- 

m 

c3 

mean 

.s 

1 

*5 

.a 

joules /min. 

joules/ 

min./m^ 

377 

Rest 

47 

97 

Ill 

4.2 

2.62 

99 

120 

59 

82 

20 

m 

15 

1400 

249 

51 

9 

5 


±Jxercise (1) 

77 

95 

436 

7.6 

5.68 

131 

144 

83 

112 

24 

3 

8 

900 

60 

150 

10 

6 

■ 

JiJxercise (2) 

m 

94 

700 

9.2 

7.53 

128 

152 

100 

jgn 

19 

B 


780 

57 

230 

17 

10 


Rest 

91 

99 

147 

3.8 

3.83 

64 

122 

73 

94 

19 

8 

12 

1060 

135 

89 

11 

C 


Sitting 

■lilil 


— 

— 


— 

_ 

— 

— 

18 

9 

13 

— 







Exercise (1) 

127 


512 

8.2 



133 

88 

■oa 

21 

5 

12 

835 

93 

160 


10 


Exercise (2) 

151 


912 

9.9 

Qjj 


168 


131 

m 

6 

8 

625 

39 

292 


10 

379 

Rest 

73 

96 

120 

3.6 

3.35 

86 

93 

63 

76 





11 

972 

144 

63 


5 


Exercise (1)' 

90 

99 

269 

6.2 

4.36 

91 

97 

64 

79 

— 

— 

13 

752 

123 

86 


8 


Sitting 

86 

— 

— 

_ 

_ 

— 

— 

— 

— 




13 






■■■ 



Exercise (2) 

157 

97 

824 

11.6 

7.14 

85 

11 

B 


B 

— 

14 

634 

84 

190 

25 

13 

Average of S vor- 



■ 
















mah 


















Rest 


97 


3.9 

3.27 

S3 

112 

65 

84 

20 

9 

13 

1144 

176 

68 

10 

5 

Exercise (1) 

98 

97 

H 

7.3 


104 

125 

78 

100 

23 

4 

11 

829 

92 

132 

14 

7 

Exercise (2) 

138 

96 

812 

10.2 

7.93 

108 

153 

91 

123 

19 

3 

10 

680 

60 

237 

20 

11 


* Leg exercise performed in the supine position. 
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from 700 to 912. Because of the differences in oxj^gen consumption per square 
meter, the figures for arterio-venous difference and cardiac output cannot be 
compared directljL In two of the three normal subjects the stroke volume in- 
creased significantly ivith exercise; in the third there was little change in stroke 
volume. There was a fall in pulmonary arterial mean pressure with inceasing 
work in two of the three normal subjects. The third subject showed an in- 
significant rise. The fall in mean pressure was due to a fall in diastolic pressure; 
the S3'’stolic pressure remained unchanged. \^0ien one considers that the cardiac 
output increased on the average two and one half times, it is obvious that a de- 



Fig. 1. Relationships bettveen oxygen consumption, cardiac output, and work of the 
right ventricle against pressure. Circles represent normal subjects; triangles represent pa- 
tients with chronic pulmonary disease; open circles and triangles represent resting values; 
closed circles and triangles represent values obtained during e.xercise; solid lines connect 
points obtained on the same normal subject at different metabolic levels; broken lines con- 
nect points obtained on patients during a single study. 

crease in mean pressure could occur only in association with a sharp fall in pul- 
monary vascular resistance. As seen in the table, pulmonary vascular resistance 
decreased to approximately one third of its resting value during the more severe 
exercise. The estimated work of the right ventricle against pressure increased on 
the average only 10 joules per minute during exercise while the work of the left 
ventricle increased 170 joules per minute. 

In figure 1 the cardiac output at different levels of oxygen consumption can be 
studied in relation to the work of the right ventricle against pressure. The 
solid lines connect points obtained on the normal subjects. The almost vertical 
slope of the cur\'-es on the right indicates that the increase in right ventricular 


"x 
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work against pressure was verj^' small. Thei'e was marked similarity in the le- 
sponses of the three normal individuals both vdth respect to cardiac output and 
with respect to the work of the right ventricle. 

Patients with chronic 'pulmonary disease. The patients who were studied had a 
wide range of pulmonai'y patholog}'' including fibrothorax, bronchiectasis, pneu- 
monectomy, fibrosis, emphysema, silico-tuberculosis, and thrombosis of the left 


TABLE 3 


NO. 

STATE 

HEART RATE 

OjHb SATURATION (%) 

OXYGEN CONSUMPTION 
(ML/MlN/M^n.S.) 

A-V DIFFERENCE (VOL %) 

H 

P 

H 

P 

O 

u 

< 

s 

en 

< 

(j 

STROKE VOLUICE (mL/dEAT) 

BLOOD PRESSURES 
(MM.Hg) 

VASCULAR 
RESISTANCE 
DYNES SEC. 
CM"5 

■WORK OF THE 
VENTRICLES 
AGAINST 
PRESSURE 

Brachial 

artery 

Pulmonary 

artery 

Peripheral 

Pulmonary 

Left 

Right 

X 

tn 

s 

•B 

c 

rt 

E 

(A 

lA 

tA 

.2 

'V 

c 

rt 

u 

E 

joules/min. 

joulcs/min. 

joules/ 

min./m- 


Rest 

Sitting 

Exercise 

06 

100 

133 

95 

98 

135 

177 

315 

4.2 
4.8 

7.2 


47 

52 

46 

127 

87 

145 

ss 

60 

95 

102 

73 

114 

33 

31 

47 

9 

11 

15 

18 

20 

32 

1500 

1123 

1476 

318 

308 

302 

61 

51 

94 

11 

14 

26 


371 

Rest 

108 

95 


3.5 


58 

132 

96 

112 

16 

6 

9 

1430 

114 

94 

8 

5 


Rest 

111 

97 

HI 

3.1 

4.59 

71 

118 

84 

ITiy 

13 

6 

0 

1040 

87 

107 

9 

5 


Sitting 

127 


B 

— 


— 

— 

— 

— 

16 

10 

13 


•— 



— 


Exercise 

173 

97 

478 



50 

153 


121 

■ 

— 

17 

1110 

159 



12 

372 

IPIHI 

93 

96 

142 

3.2 

4.44 

71 

114 

63 

88 

16 

4 

n 

1070 

103 

77 

m 

5 



104 

— 


— 

— 

— 

— 

— 

— 

17 

7 

lu 

— 


— 

H 

— 



129 

93 


6.8 

5.70 

65 


79 

M 

23 

11 

m 

965 

142 

113 

17 

12 

383 

Rest 

132 

97 

151 


5.55 

87 

126 

97 



— 

13 

754 

98 

164 

19 

9 


Sitting 

lEI 

94 

149 

4.1 

3.63 

62 

— 

— 

— 

20 

13 

16 

— 

167 

— 

15 

7 


Exercise 

183 

95 

736 

9.6 

7.65 

86 

174 


126 

26 

14 

19 

1356 

94 

263 

39 

19 


Rest 

. 136 

__ 

— 

— 

— 

B 

H 

— 

— 

— 

— 

8 

— 

— 



— 

354 

Rest 

109 

96 



M 

B 

B 

H 



— 

20 

Bl 

16 










Exercise 

144 

— 

— 

B 


B 

- 

— 

— 

41 

24 

30 

— 

— 


— 

— 


Rest 

141 

93 

— 

H 

B 

B 

H 

— 

— 

32 

11 

20 

— 

— 


— 

— 

368 

Rest 

83 

93 

142 

4.1 

3.48 

69 

124 

73 

i 

24 

4 

la 


183 

70 

9 

5 


Sitting 

98 

91 

172 

4.6 

3.75 

63 

127 

82 


28 

14 


Bwll 

240 

85 

15 

9 


Exercise 

159 

86 

983 

— 

— 

— 

199 

111 

i 

59 

27 

i 

B 

— 

— 

— 

— . 

358 

Rest 


91 

177 

3.6 

m 


m 

60 

86 

33 

17 

23 

722 

182 

109 

30 

16 


Sitting 



183 

5.3 


76 

124 

60 

89 

32 

16 

23 

1063 

275 

79 

21 

11 


Exercise 

110 

81 

460 

0.7 

6.90 

120 


__ 

~ 

61 

31 

42 

— 

253 

— 

74 

39 

344 

Rest 

101 

87 

141 

5.8 

2.44 

34 

135 

80 

101 

90 

36 

58 

2330 

1330 

47 

27 

19. 


Exercise 

145 

82 

256 

8.7 

2.95 

29 

147 

98 

116 

117 

(50) 

(70) 

2210 

(1330) 

65 

(39) 

(28) 


pulmonary arterjL They were in no sense a homogeneous group, and the degree 
of functional disturbance varied widely. In table 3 it can be seen that the ar- 
terial oxyhemoglobin saturation in three patients (358, 344, and 368) was low at 
rest and decreased to a still lower level during exercise. With two exceptions 
(383 and 368) the severity of the work done by the patients Avas much less than 
that done by the nonnal subjects, as indicated bj’- the rate of oxygen consumption. 
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Because of the reduced exercise tolerance of most of the patients, it was impossible 
to study them at higher work levels. In the patients with chronic pulmonary 
disease the stroke volume either remained unchanged or decreased during exer- 
cise. Six patients (366, 371, 372, 383, 354, 368) had pulmonary arterial pressures 
which were normal or close to normal at rest. In three of these (371, 372, 383) 
the increase in pulmonary arterial pressure during exercise was moderate. The 
three patients (358, 344, 368) who showed the most striking increase in pulmonary 
arterial pressure with exercise were the same ones whose o.xygen saturation 
dropped sharply during exercise. Except in one case (371) there was an increase 
in both S 3 '’stolic and diastolic pressure in the pulmonary'’ artery. In one patient 
(344) whose pulmonaiy arterial pressure was extremely high at rest, the pressure 
was recorded from the right ventricle but not from the pulmonaiy artery during 
exercise. Since the systolic pressures in the pulmonarj’’ arterj’’ and in the right 
ventricle are the same, the latter were used as a measure of pulmonary arterial 
systolic pressure. An estimated figure of 50 mm. Hg for the pulmonaiy arterial 
diastolic was assumed and this figure was used in the calculation of mean pressure, 
pulmonary vascular resistance and work of the right ventricle during exercise. 
In all the patients with chronic disease the pulmonary vascular resistance staj^ed 
the same or increased during exercise, in contrast to the normal subj ects. During 
exercise the work of the right ventricle against pressure for a corresponding rate 
of oxygen consumption was invariably higher than in the normal subjects. In 
two patients (344 and 358) the discrepancy was very striking. 

On the left side of figure 1 the patients’ cardiac output values are plotted in 
relation to those of the normal subjects. Points falling to the left of the solid 
lines indicate higher than normal cardiac output, while those to the right indicate 
lower than normal output. One patient only (344) had a significantly low car- 
diac output and she had previously shown signs of congestive heart failure. On 
the right side of figure 1 all the patients’ points fall to the right of the solid lines, 
indicating that the work of the right ventricle against pressure was abnormally 
high for the corresponding level of oxygen consumption. With one exception 
(383) the exercise performed by the patients was so light that the work of the 
right ventricle against pressure can be taken as an approximate measure of the 
total work of the right ventricle. 


DISCUSSION 

Comparison of the values obtained for cardiac output and oxygen consumption 
during exercise with those obtained by Bock, van Caulaert, Dill and others (4) 
shows a remarkable agreement. Their cardiac output method was a modification 
of the Haldane method, in which mixed venous carbon dioxide tension was esti- 
mated on the basis of an intrapulmonaiy equilibration procedure. For the 
corresponding rates of oxygen consumption, the values for two of our three 
normal subjects (377 and 378) invariably fall between the values of AVB and 
DBD. At the highest exercise level our third subject (379) corresponds to CVC. 
The data of Lindhard (3) obtained with the nitrous oxide method are also com- 
parable. With normal subjects running on a treadmill. Dill, Edwards, and 
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Talbott (2) found the same relation of cardiac output to oxygen consumption as 
in the case of bicycle exercise. These data, too, correspond to ours. Stroke 
volume relationships show more variation because of the differences in pulse rate 
in response to a given amount of exercise. 

Von Euler and Liljestrand (17) made observations on the pulmonary arterial 
blood pressure in the. cat during exercise and found a moderate increase in all 
except one case. In a very recent note Hickam and Cargill (5) working with 
normal human subjects using the catheter technic report pulmonaiy arterial 
pressure essentially unchanged with increases in cardiac output up to nearly twice 
the resting level. The present study, undertaken without knowledge of their 
work, corroborates and extends this finding. 

On the basis of the pulmonary arterial pressures found during exercise in 
normal individuals, certain changes in the pulmonary vascular bed during exer- 
cise may be postulated. If the dimensions of the pulmonary vascular bed re- 
mained unchanged during exercise, the mean pressure would rise in proportion to 
the increase in blood flow. The failure of the mean pressure to rise implies an 
expansion of the pulmonary vascular bed either by a widening of existing blood 
channels or by the opening of new ones or by a combination of both mechanisms. 
An actual decrease in pulmonaiy arterial pressure cannot be explained as a simple 
mechanical effect of increased blood flow. It suggests either that active vaso- 
dilatation occurs or that the increased negativity of intrathoracic pressure associ- 
ated with deeper inspirations expands the vascular bed. The latter explanation 
is more consistent with current thoughts on the pulmonary circulation based on 
other work in this laboratorjL Regardless of mechanism, there can be no doubt 
that a very significant expansion of the pulmonary vascular bed occurs as a 
normal response to exercise. If, as seemsTikely on hemodynamic grounds, more 
alveolar capillaries are opened up, the physiological advantages of such a vascular 
response would be seen not only in reduced work of the heart but also in increased 
efficiency of gaseous diffusion. This is in accord with the increased diffusion 
constant of the lung during exercise (18). 

In studying patients with emphysema Avho had high pulmonary arterial 
pressure at rest, Hickam and Cargill (5) found a further large increase in pulmo- 
nary pressure with exercise. These findings, which are entirely comparable to 
those of the present study, are in striking contrast to the response to exercise of 
normal indhdduals. 

Tavo factors are possibly of importance in explaining the rise in pulmonary 
arterial pressure AAnth exercise in patients Avith chronic pulmonary disease. The 
first is the size and expansibility of the pulmonary vascular bed. Destruction of 
lung tissue, interstitial pulmonary fibrosis, or vascular sclerosis Avould be expected 
to reduce the number and cross section of the A'-essels and the expansibility of the 
A’-ascular bed during increased blood floAV. 

The second factor is related to the effect of anoxia upon pulmonary vascular 
resistance. It may be seen in table 3 that the three patients AA^hose arterial 
oxyhemoglobin saturation dropped significantly during exercise (358, 344, and 
368) AA'ere the three whose pulmonarj^ arterial pressures AA^ere highest during exer- 
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cise. Von Euler and Liljestrand’s observations on cats (17) and the findings of 
]\Iotley, Cournand, et al. (19) on human subjects indicate a sharp rise in puhnd- 
naiy arterial pressure with acute anoxia produced by breathing a gas mixture low 
in oxygen. Might not the elevation of pulmonaiy arterial pressure occurring in 
some of our patients be related, at least in part, to the associated anoxia? In 
this respect it is interesting that von Euler and Liljestrand found a decrease in 
pulmonary arterial pressure with pure ox^’^gen breathing to a level below that 
obtaining during room air breathing, suggesting that the slight degree of anox- 
emia normally present produces a slight increase in pulmonaiy vascular re- 
sistance. This argument tempts one to conclude that in subjects whose arterial 
blood is unsaturated at rest, a certain elevation of pulmonaiy arterial pressure 
above the normal may be due to the effects of anoxemia upon the size of the 
pulmonary vascular bed. However, since the evidence rests on acute experi- 
ments Avith high or low oxj’-gen breathing, the application to chronic states of 
anoxia bccurring in pulmonary disease can onlj'^ be suggested as a possibility re- 
quiring further proof. In patients who have a marked decrease of ox^’^gen satu- 
ration during exercise, the exercise may be considered as an acute experiment in 
anoxia, and it seems likely that the anoxemia may cause some of the increase in 
pulmonary arterial pressure. 

The effects of chronic puhnonaiy disease upon the circulation may be con- 
sidered from the over-all aspect of cardiac output or from the more restricted 
point of view of the work of the right ventricle. In figure 1 the data are plotted 
from both points of view. In this limited series of patients the cardiac output 
was maintained at an essentially normal level in all but the most extreme instance 
(344) even though a greater than normal work load was thereby placed upon the 
right ventricle. By increased work, the right ventricle compensated for the in- 
creased vascular resistance in the puhnonarj'^ circuit, and prevented a decrease in 
volume floAV of blood. 

In their revision of Bainbridge’s monogi’aph on “The Physiology of Muscular 
Exercise,” Bock and Dill (1) state that “the heart, as a rule, reaches the limit of 
its poAvers earlier than the skeletal muscles, and its functional capacity deter- 
mines a man’s capability for exertion. . . . An exaggerated response on the part of 
the respiratorj’- and circulatory systems involves a useless expenditure of energy; 
a deficient response rapidly throAvs out of gear the controlling influences of the 
nervous system, cripples the energies of the skeletal muscles, and renders exercise 
ineffective or even impossible.” The latter situation is probably illustrated by 
one of our patients (344) aaEoso cardiac output Avas significantly loAA^er than 
normal both at rest and during exercise (fig. 1). She AA^as able to perform only 
the mildest grade of work (oxygen consumption 256 ml. per minute per square 
meter of body surface) yet her right A>’entricle worked nearly three times as hard 
as the right ventricles of the normal subjects during heaA’-j’’ exercise. It seems 
probable that the functional capacity of the right A'^entricle determined this 
patient’s capability for exertion. Another patient AA’ith increased pulmonary 
Avascular resistance (358) was able to work nearty tAAoce as hard in spite of a still 
greater work load on his right A’^entricle (fig. 1). Probably the greater functional 
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capacity of this man’s right ventricle made possible his greater capacity for 
.physical exercise. 

These studies illustrate some of the difficulties involved in evaluating disability 
in chronic pulmonaiy disease. In most instances subjects are unable to exert 
themselves to a point where their cardiac output falls below the normal for that 
exercise level. Accordingly studies of the greater circulation reveal little. On 
the other hand studies of the pulmonaiy circulation during exercise reveal definite 
abnormalities in patients whose exercise tolerance is low. When considered in 
conjunction with other aspects of pulmonary function they extend the physio- 
logical evidence upon which an estimate of disability must be based. 

SUMMARY 

1. Studies of cardiac output and pulmonaiy arterial pressure were performed 
using the venous catheter technic in three normal individuals and in eight patients 
with various types of chronic pulmonaiy disease, hleasurements ivere made at 
rest and during exercise on a stationary bicycle. 

2. Two of the three normal subjects showed a decrease in the mean pressure in 
the pulmonary arteiy during exercise; all showed a marked drop in pulmonary 
vascular resistance and a minimal increase in the work of the right ventricle 
during exercise. 

3. Three of the patients with chronic pulmonary disease showed a significant 
elevation of puhnonary arterial pressure at rest, and in all eight cases the mean 
pressure increased during exercise. There was either no change or an increase in 
the pulmonary vascular resistance during exercise, and the work, of the right 
ventricle was invariably higher than in the normal subjects at a corresponding 
work level. 

4. The findings Indicate that the expansibility of the pulmonary vascular bed 
during exercise is limited in patients with chronic pulmonary disease. 

5. Anoxia may contribute to the elevation of pulmonary arterial pressure 
during exercise in those patients whose arterial oxygen saturation falls. 

6. The physiological evidence upon which an estimate of disability must be 
based in patients with chronic pulmonary disease is extended by studies of the 
pulmonary circulation during exercise. 

REFERENCES 

1. BainbridgEjF. A. (revisedby A.V.BockandD.B.Dill). The Physiology of Muscular 
Exercise. Longmans, Green & Co., 1931. 

2. Dill, D. B., H. T. Edwards .\nd J. H. T.albott. J. Physiol. 69; 267, 1930. 

3. Lindhard, j. Archiv. Ges. Phj'siol. (PHuger’s) 161: 233, 1915. 

4. Bock, A. V., C. vanCaul.4.ert, D. B. Dill, A. Polling and L. M. Hurxthal. J. 
Physiol. 66; 136, 1928. 

5. Hickam, John B. and W. H. C.vrgill. Am. J. Med. 3 : 504, 1947. 

6. CoHRNAND, A. Bull. N. Y. Acad. Med. 23: 27, 1947. 

I . Hamilton, W. F. .\ND R. L. Riley ef aZ. In press. 

S. CouRNAND, Andre and Hilmert A. Ranges. Proc. Soc. Exp. Biol, and Med. 46: 462, 



382 


BILEY, HIMMELSTEIN, MOTLEY, WEINEK AND COUBNAND 

9. CouBNAND, A., H. D. Lauson, R. H. Bloomfield, E. S. Bbeed, and E. deF. Baldwin. 
Proc. Soc. Exp. Biol, and Med. 6B: 34, 1946. 

10. CoDHNAND, A., R. L. Riley, E. S. Breed, E. deF. Baldwin and D. W. Richards Jr. ’ 
J. Clin. Invest. 24: 106, 1945. 

11. Bloomfield, Richard A., Henry D. Lauson, Andre Cournand, Ernest S. Breed 
AND Dickinson W. Richards Jr. J. Clin. Invest. 25: 639, 1946. 

12. Motley, H. L. A. Cournand, L. Werko, D. Dresdale, A. Himmelstein and D. W. 
Richards Jr. Proc. Soc. Exp. Biol, and Med. 64: 241, 1947. 

13. Cournand, A., H. L. Motley, A. Himmelstein, D. Dresdale, J. Baldwin. This 
Journal 160: 267, 1947. 

14. Remington, J. W. and W. F. Hamilton. This Journal 160: 292, 1947. 

15. Gomez, D. Personal communication. 

16. Starling’s Principles of Human Physiology, Lea & Febiger, 1933, p. 773. 

17. Von Euler, XJ. S. and G. Liljestrand. Acta Physiol. Scand. 12. 301, 1946. 

18. Lilienthal, j. L. Jr., R. L. Riley, D. D. Proemmel and R. E. Franke. This Journal 
147: 199, 1946. 

19. Motley Hurley L., Andre Cournand, Lars Werko, Aaron Himmelstein, and 
David Dresdale. This Journal 106: 315, 1947. 



EFFECT OF BODY TEMPERATURE CHANGE ON THE 
CIRCULATION TIME IN THE CHICKEN^ 

S. RODBARD and A. FINK 

From the Cardiovascular Department, Medical Research Institute, Michael Reese Hospital, • 
and the Department of Physiology, University of Chicago, Chicago, Illinois 

Received for publication December 23, 1947 

We have recently reported that an increase or decrease in the body tempera- 
ture in tue chicken (1) and in the turtle (2) causes a corresponding change in the 
arterial blood pressure. The mechanism of this relationship is in need of eluci- 
dation. Among those mechanisms which must be considered as possiblj'’ play- 
ing some role in this relationship are a) changes in the heart rate which ai’e seen 
as the body temperature is varied; h) changes in the arteriolar and capillarj’" re- 
sponsiveness at various temperatures; and c) adjustments originating in the cen- 
tral nervous system which affect the tone of the blood vessels. 

A few data which furnish partial answers to this question are already avail- 
able. Thus the heart rate continues to increase during induced hyperthemia (1) 
even though there is usually no increase, and perhaps even a fall, in blood pres- 
sure; therefore the relationship is not entirely dependent on the changes occur- 
ring in heart rate. The peripheral arterioles show no observable changes in re- 
sponsiveness vdth temperature change since there are no notable differences in 
the pressor response to epinephrine at various body temperatures (1). We have 
obtained evidence that the central nervous system plays an important r61e in 
the temperature-pressure relationship since destruction of the brain or section- 
ing of the cervical spinal cord in the turtle eliminates this relationship. This 
occurs even though the heart rate continues to change with changes in the body 
temperature (3). 

In order to analyze the effect of body temperature change on the circulation, 
we felt that determination of the circulation time at various body temperatures 
* -might provide some insight into the mechanisms responsible for the obseiwed 
blood pressure changes. Such information would also give presumptive evi- 
dence for changes in cardiac output. 


METHODS 

The chicken was used because the temperature-pressure relationship can be 
demonstrated most consistently in this animal. A total of 118 determinations 
of the circulation time was made on 12 chickens. Temperatures were measured 
\rith a mercury thermometer inserted deep into the cloaca. Blood pressures 
were recorded optically with the Hamilton manometer in . the unanesthetized 
chicken a ccording to the technique previously described by this laboratoiy (1). 

^ Aided by the A. D. Nast Fund for Cardiovascular Research, and in part by a grant from 
the War Department to the Michael Reese Hospital (Dr. L. N. Katz, responsible investi- 
gator). The department is supported in part by the Michael Reese Research Foundation. 
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The animals were cooled by packing them in crushed ice, and rewarmed by rad- 
iant heat (1). 

The circulation time was estimated by the time of onset of the blood pressure 
response to the injection into the sciatic vein of 0. 2 mgm. of acetylcholine dis- 
solved in 0. 2cc. saline. The circulation time was figured as the time from injec- 
tion into the sciatic vein until the beginning of a marked fall in blood pressure. ■ 

In all 118 trials the blood pressure fell veiy significantly. The beginning of 
this pressure drop was considered to be the time required for circulation from the 
site of injection into the sciatic vein, through the heart and lung circuit, and to 
the peripheral arterioles. A significant slowing of the heart occurred in 81 of 
the 118 trials. However, this slowing usually occurred after the fall in systemic 
pressure. 


RESULTS 

1. The normal circulation lime of the chicken. In our series of 12 animals the 
normal circulation time as determined by the fall in blood pressure averaged 2.8 
seconds ranging from 1.3 to 5.0, with a standard deviation of 0.9 seconds. These 


TABLE 1. Average circulation time at various bout temperatures 


i 

BODV temperature (°C) 

AVERAGE CIRCULATIOK TIlIE 

Seconds 

45 

1.2 

41,5 

2.S 

35 

4.0 

30 

8.2 

25 

12.2 


data are presented in figure 1 as points at 41-42°C. In those experiments in 
which the acetylcholine-induced bradycardia was obseived, the time for slowing 
required an average of 4.5 seconds, about 1.7 seconds longer than the blood 
pressure effect. 

2. The effect of cooling. In six chickens cooled from the normal body temper- 
ature of about 41.5° to about 25°C., the circulation time was increased from the 
normal of about 3 seconds to as much as 10 or 16 seconds at the lower tempera- 
ture. This fall in the rate of circulation appeared to go step by step with the 
fall in body temperature, as indicated by table 1. Individual data are given in 
figure 1. 

The time required for the onset of the bradycardia is also increased at lower 
temperatures so that at 25°C., the slowing of the heart was not apparent until 
4 seconds or so after the fall in pressure, i. e., an average of about 16 seconds. 

3. The effect of warming. In six chickens warmed from the normal body 
temperature to as high as 47°C. the rate of circulation continued to increase, 
with the circulation time values as low as 0.6 seconds (fig. 1). This reduction 
in the circulation time occurred despite the fact that the blood pressure almost 
always had begun to fall by the time the body temperature has been raised to 



CIRCULATION TIME 


385 



SECONDS CIRCULATION TIME 


Fig. 1. 


TABLE 2. Response oe beooe peessere to acetyechoeine injections at various 

BODY TEMPERATURES 


BODV TEMPERAIJltE ("C) 

ARTERIAL PRESSURE 

Pre-Injection (mm. Hg) 

Average minimal pressure 
observed ram. Hg 

46 

50 

, 30 

45 

83 

30 

44 

103 

39 

43 

107 

36 

41.5 

110 

43 

35 

105 

46 

30 

99 

47 

25 

59 

35 
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about 44°C. The heart rate also continued to increase with increasing tempera- 
tures, as previously noted (1). The bradycardia induced by acetylcholine oc- 
curred about 0.5 seconds after the depressor effect, e. g., a total time of about 
1.2 seconds at 46°C. 

4. The degree of blood 'pressure fall. The injection of acetylcholine lowered the 
pressure momentarity to levels averaging about 40 mm. Hg. The minimal level 
obtained was not dependent on the pre-injection level, nor was there any consist- 
ent change in the degree of the blood pressure fall as the animals were cooled or 
warmed (table 2.). 


DISCUSSION 

The normal circulation time in the chicken, 3 seconds, is quite rapid when com- 
pared with that observed with the same technique in the dog (4) or in man (5). 
This is probably due in part to the small size of the chicken, which reduces the 
length of the mean path from the point of injection to the site of action. It 
may also be related to the higher body temperature of this animal, and the con- 
sequent higher metabolic rate, requiring a greater circulation. 

The finding that the circulation is slowed as the body temperature falls is in 
accord with data Avhich we have obtained on blood pressure, heart rate (1), and 
Avith the results of Randall on respiration (6). When the animal is cooled, the 
reduced rate of circulation of the blood is apparently sufficient to nourish the 
tissues at the loAA^er rates of metabolism A\diich must obtain at the loAA'er body 
temperatures. This may be inferred from the fact that no apparent injuiy oc- 
curs to the animal Avhen, after a period of tAA'o hours at body temperatures as 
loAV as 25°C., it is reAvarmed to its normal body temperature. As has been noted, 
the animals shoAV no signs of shock, appear normal and resume feeding. These 
circumstances demonstrate that -no serious disparity exists between the meta- 
bolic demands of the tissues for oxygen and substrate, and the rate of delivery of 
these substances to the tissues by the blood stream. 

It is apparent that the circulation speeds up (decreased circulation time) as 
the body temperature is increased above normal and that it continues to do so 
practically until the point of death (7, 8). This occurs despite the fact that the 
blood pressure is not necessarily increased in experimental hyperthermia and that 
it may even fall to very Ioav levels (65/50 mm. Hg). These results shoAV that 
the circulation time is a function of the metabolic needs of the tissues rather than 
of the arterial blood pressure. Since the metabolic needs of the tissues depend 
in large part upon their temperatures, it AA'Ould appear that each tissue autono- 
mously determines the volume of blood AA'hich traA’^erses its blood A'^essels. 

It is of some interest that in hypertheimia in AAffiich the circulation is speeded 
up and the blood Amssels of the tissues must be someAAffiat dilated to permit a 
greater perfusion of blood, a maximal dilatation is not obtained even at high tem- 
peratures (46°C.) since a fall in blood pressure still occurs on the injection of 
acetylcholine. Thus the AJ-essels are still partially constricted under these ex- 
treme conditions. 
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The progressive rise in heart rate with increasing body temperatures would 
also appear to be an autonomous tissue function, in this case of the heart itself. 
It is possible that during the tachycardia seen in hyperthermia with rates of as 
much as 540 per minute, the heart may reach the limit of effective cardiac out- 
put and begin to show signs of failure, and this possibly may play a role in the 
death of the animals. 

An unexpected finding was that the time required for the fall in pressure by 
action of acetylcholine on the pacemaker of the heart was considerably longer 
than that required for the fall in blood pressure due to the peripheral action of 
the drug on the arterioles. The reason for the cardiac delay is not apparent at 
present. 

Our present data support our earlier studies in which we showed no signifi- 
cant change in responsiveness to epinephrine of the blood vessels at various tem- 
peratures (1). The present results are similar in that cooling or warming of the 
blood vessels did not significantly alter the degree of the depressor response to 
acetylcholine. 

The reduced rate of blood flow during cooling would appear to be related not 
only to the greatly reduced heart rate but also to the veiy likely reduction in 
minute cardiac output. Both factors would tend to reduce the blood pressure. 
The likely reduction of blood vessel calibre under hypothermic conditions would 
tend to raise the blood pressure by increasing resistance to flow. The resolution 
of these conflicting trends may be a simple algebraic summation. 

In hyperthermic states the dilatation produced by the increased demand for 
blood by the tissues would tend to cause a fall in blood pressure. The increased 
rate of return of blood from the tissues and the consequent increased cardiac 
output would tend to raise the blood pressure. However, at temperatures Avithin 
two or three degrees above normal, the blood pressure regulating mechanisms 
appear to maintain a relatively constant level. 

The regulation of the blood pressure thus appears to depend on factors other 
than the changes in heart rate, the circulation time or the rate of metabolism of 
the peripheral tissues. The blood vessels show no change in responsiveness at 
various body temperatures to either vasopressor and vasodepressor drugs. In- 
stead, the mechanisms for blood pressure regulation appear to reside primarily 
in the central nervous system. It is these central nervous mechanisms Avhich 
eventually fail as the bodj'- temperature is raised sufficiently above normal. 
The temperature-pressure mechanism, which functions to permit an increased 
perfusion of the tissues at higher temperatures, is apparently finally overwhelmed 
ly the increasing vasodilatation in the peripherjq and b 5 >- approaching the limit 
of adequate function of the heart at high rates. Our data therefore suggest that 
the final failure of the circulation in extreme hyperthermia lies not only in the 
peripheral vessels which are dilated, but still responsive even at the extremes of 
body temperature, not in the ability of the heart to pump blood, but actually 
it depends to a veiy large degree upon the failure of the central nenmus mecha- 
nism which acts to regulate the arterial blood pressure. 
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SUMMARY 

1. The acetylcholine circulation time of the chicken at normal body tempera- 
tures (41.5°C.) is about 2.8 seconds. 

2. When the body temperature of the animal is lowered by application of ice 
packs, the circulation time is increased. Increasing the body temperature with 
radiant heat decreases the circulation time. 

3. The circulation time is not necessarilj’^ related to changes in the blood pres- 
sure which occur as the temperature of the animal is changed, but appears to be 
due primarily to changes in the peripheral tissues. 

4. A discrepancy between the time required for the action of acetylcholine on 
the peripheral blood vessels and on the rate of the heart is noted. 

5. Some aspects of these data are discussed in terms of the bodj'’ temperature- 
blood pressure relationship. 
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A direct quantitative study of the influence of varying the concentration of 
calcium on the coagulation time of blood was not possible until Steinberg (1) 
discovered that a phenol-formaldehyde resin, Amberlite IR-100, completely re- 
moved calcium without inducing any other demonstrable changes in the blood. 
By using chloro-meth 3 d-silane (Silicone) coated glassware with Amberlite and by 
taking precautions to prevent contamination of the blood with tissue juice, the 
lysis of platelets is almost entirely prevented and it seems reasonable to assume 
that the blood obtained is practically identical with the circulating blood except 
for the absence of calcium. The effect of different concentrations of calcium on 
the clotting of blood and plasma can therefore be determined simply and with 
precision by the direct addition of Icnown amounts of calcium salts. This pro- 
cedure is like^vise suitable for studying the action of related ions, particularly 
strontium, magnesium and barium. 

In this paper the results of such study are reported. The influence of different 
concentrations of calcium, strontium, magnesium and barium on the clotting 
time of whole blood and plasma and prothrombin time are also considered in man, 
dog and rabbit. Consideration is also given to the possibility of an antagonism 
between calcium and related bivalent ions in the process of coagulation. 

EXPERIMENTAL . 

Blood was obtained by venipimcture in man and dog and from the main artery 
of the ear in rabbits. Precaution was taken to avoid injuring tissue and to pre- 
vent foaming. Needles, syringes and collecting tubes used were coated ivith 
chloro-methyl-silane. The blood was immediately passed through purified 
Amberlite IR-100 according to the technique recently described (2). The col- 
lecting tube and the syringe were chilled and the decalcified blood kept in an ice 
bath until used. 

To remove traces of calcium from the thromboplastin, sodium oxalate (0.1 mi. 
of 0.1 M sodium oxalate per rabbit brain) was added before triturating the brain 
with acetone.' The chlorides of calcium, strontium, magnesium and barium were 
used, and their solutions were made isotonic to blood and then diluted to the 
desired s trength by mixing with physiological sodium chloride solution; this was 

' This work was supported by a grant from the U. S. Public Health Service. 

= Department of Internal Medicine, University of Rome; at present, Senior Research 
Fellow, National Institute of Health. 
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done to eliminate any possible influence of osmotic pressure changes. The coagu- 
lation time was determined by adding to 0.1 ml. of calcium chloride (or other 
salt studied), 0.4 ml. of blood or plasma decalcified with Amberlite. Pyrex tubes 
Avith an internal diameter of 11 mm. Avere used. All obseiwations AA^ere carried 
out at 37 °C. 

The effect of varying concentrations of calcium and strontium chloride on the 
coagidation time of blood and plasma decalcified with Amberlite. From the results 
recorded in table 1 it Avill be obseiwed that the shortest coagulation time for 
human, dog and rabbit blood is not obtained until the concentration of calcium 

TABLE 1. Influence of the concentration of calcillm and strontium on 

THE COAGULATION TIME OP BLOOD DECALCIFIED AAHTH AmBERLITE* 


COAGULATION TIME 


CONCENTRATION 
OF THE SALT* 

CaCh 

SrCh 


Human blood 

Dor blood 

Rabbit blood 

Human blood 

Dog blood 

Rabbit blood 

M 

r»in. 

min. 

min. 

min. 

min. 

min. 

0.0002 

>60 

>60 

>60 




0.0005 

8i 

29 

271 




0.001 

6 

81 

81 




0.0015 

51 

41 

51 

>60 

>60 

>60 

0.002 

51 

4 

51 

28’ 

>60 

>60 

0.004 

5i 

31 

51 

12| 

19 

17i 

0.006 

61 

41 

8 

111 

151 

121 

0.008 

9 

5 

91 

11 

13 

121 

0.01 

9 

5 

91 

181 

17 

17 

0.012 

101 

61 

101 

28 

39 

36 

0.0135 

11 

61 

34 

34 

58’ 

>60 

0.0155 

11§ 

101 

47 

59’ 

>60 


0.0175 

111 

101 

>60 

>60 



0.018 

13| 

21 





0.02 

141 

37 






1 To four volumes of blood treated with Amberlite one volume of CaCL or SrCb solu- 
tion was added. Isotonic solutions of these salts were prepared and diluted to the desired 
concentration by mixing ivith ph 3 "siological sodium chloride solution. 

- The molarity is calculated on basis of volume of blood. 

^ Onlj' a few threads of fibrin formed. 

chloride is approximately 0.0015 M. This concentration is in the range of the 
normal calcium level of the blood, AA'liich is also about 0.0015 M. Wlien the 
calcium concentration is reduced beloAV one half of the normal, a definite delay 
in coagulation occurs. A minimum coagulation time is obtained OAmr a wide 
range of calcium concentrations, but above 0.004 M inhibition occurs in human, 
dog and rabbit blood, becoming more eAudent as the concentration of the salt is 
progressively increased. Oddly, the depressing action of calcium is most marked 
in rabbit blood. Coagulation of plasma (table 2) follows essentiallj'’ the same 
pattern except that the clotting time is shorter. This can be explained, at least 
in part, by the earlier detection of the clot in plasma than in whole blood. 
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Strontium has a much weaker clotting activity than calcium. The minimal 
level required for optimum or shortest coagulation of whole blood and plasma is 
definitely higher (0.006 to 0.008 M for both whole blood and plasma of man, dog 
and rabbit). The range of optimal concentrations at which most rapid clotting 
occurs is also considerably more narrow than in the case of calcium since inhi- 
bition already occurs at a level of 0.01 M (tables 1 and 2). 

Magnesium is incapable of causing coagulation of either whole blood or plasma 
decalcified with Amberlite at any concentration. In the presence of thrombo- 

TABLE 2. Influence of the concentration of calcium and strontium on 

THE COAGULATION TIME OF PLASMA DECALCIFIED WITH AmBERLITE^ 


COAGULATION TIME 


CONCENTRATION 
OF THE SALT* 

CaCb 1 

SrCli 


Human plasma 

Dos plasma 

Rabbit plasma 

Human plasma 

Rabbit plasma 

Dog plasma 

II 

min. 

min. 

min. 

min. 

min. 

min. 

0.0002 

>60 

>60 

>60 





n 

12 

151 , 






n 

91 






3i 

4 

>60 

>60 

>60 


2^ 

2i 

2i 

28 

45 

>60 


2 

2 

21 

Si 

23 

291 


n 

21 

2| 

7 

18^ 

21 


3 

3i 

21 1 

Si 

9£ 

11£ 

0.01 

3^ 

4 

3 

Si 

11 

13 


5f 


61 

Si 

15 

20£ 


9 

n 

n 

m 

27 

45 


9i 

9i 


15 

38 

54 


19 

17 

17 

17 

68= 

>60 

0.018 

21 

19 

22 

>60 

>60 


0.02 

38 

22 

24 





' To four volumes of plasma decalcified with Amberlite one volume of CaCb or SrCb 
solution was added. Isotonic solutions of these salts were prepared and diluted to the 
desired strength by mixing with physiological sodium chloride solution. 

- The molarity is calculated on basis of volume of plasma. 

= Only a few threads of fibrin formed. 

plastin, however, a weak clotting activity can be demonstrated, as will be described 
later. Barium is found to possess no demonstrable coagulant activity, even in 
the presence of thromboplastin. 

The comparative inhibitory action of strontium, magnesium and barium on coagu- 
lation when an optimum concentration of calcium is present. A fixed amount of 
calcium (0.005 M Cads), mixed with varjdng concentrations of SrCb, MgCb, 
and BaCb, was added to decalcified plasma and the coagulation time determined. 
The results are summarized in table 3. It will be noted tliat the retarding effect 
of SrCb on clotting is less marked when calcium is present and that strontium and 
magnesium present essentially the same inhibitory activity. This inhibitory ef- 
fect is shown not only by the delaj^ed coagulation but also by the character of the 
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clot, which becomes softer, poorer in texture and ultimately very incomplete and 
almost granular. Barium, at a relatively low concentration, causes complete 

TABLE 3. Effect of different concentrations of strontium, magnesiuji and 
BARIUM on the COAGUDATION TIME OF PLASMA DECALCIFIED WITH AmBERLITE IN 
THE PRESENCE OF AN OPTIMUM CONCENTRATION OF CALCIUM CHLORIDE (0.005 m) 


COAGULATION TIME 


CONCENTRATION 
OF THE SALTl 

SrCh 

MgCh 

Bad: 

Human plasma 

Rabbit plasma 

Human plasma 

Rabbit plasma 

Human plasma 

Rabbit plasma 

M 

min. 

min. 

min. 

min. 

min. 

min. 

0.0004 

2 

21 

2 

21 

2 

21 

0.0008 


3 

2 

21 

21 

21 

0.002 

2h 

31 

2 

21 

2 

3 

0.004 

3 

31 

3 

51 

31 

41 

0.007 


41 

4b 

8 

51 

61 

0.01 

4i- 

5 

8| 

9 

23 

28 

0.013 

61 

71 

101 

10 

CO 

CO 

0.017 

101 

11 

111 

111 



0.02 

121 

131 

17 

131 



0.023 

18 

18 

171 

19 



0.027 

34 

39 

38 

45 



0.03 

00 

“ 

00 

00 




* The concentration resulting when one volume of the salt solution was mixed with 
four volumes of plasma. To the salt was added the calculated amount of CaCU to have 
a concentration of 0.005 M in the final mixture. 


TABLE 4. Influence of varying concentrations of calcium, strontium 

AND magnesium ON THE PROTHROMBIN TIME OF PLASMA DECALCIFIED WITH 

Amberlite 


PROTHKOMBIN TTME 


CONCENTRA- 
TION OF 

THE SALT 

Cad: 

SrCl: 

MgCl: 

Man 

Dog 

Rabbit 

Man 

Dog 

Rabbit 

Man 

Dog 

Rabbit 

M 

i sec. 

see. 

see. 

sec. 

sec. 

sec. 

sec. 

sec. 

sec. 

0.06 

18 

12 

13 

00 

00 

00 

00 

00 

00 

0.05 

16.5 

10.5 

11 

1620 

680 

750 

00 

00 

CO 

0.04 

15 

8.5 

9 

36 

14.5 

14.5 

293 

174 

182 

0.03 

13.5 

8 

8.5 

28 

13.5 

13.5 

125 

81.5 

89 

0.02 

13 

7.5 

7.5 

i 22 

13 

13 

78 

46 

43 

0.01 

12 

7.5 

7 

19.5 

12.5 

12 

64 

35.5 

31.5 

0.005 

12 

7. 

7 

22 

12.5 

12 

58 

32.5 

30 

0.0025 

12 

7 

6.5 

30 

18.5 

16 

69.5 

37 

38 

0.00125 

13.5 

7 

7 

1 37 

21 

21 

74.5 

46 

45.5 

0.0006 

15 

8 

8.5 

55 

36 

33 

89 

58 

57 

0.0005 

19 

8.5 

10 

1 83 

39 

37 

i CO 

00 

00 


incoagulability of the blood. The barium ion, it should be pointed out, pre- 
cipitates plasma proteins similar tp other heavy metals and this probably ex- 
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plains its marked inkibitory effect on coagulation. By using fixed concentrations 
of strontium, magnesium and barium but varying strengths of CaCb the char- 
acteristic wide range of the concentrations of calcium capable of causing an op- 
timum clotting of plasma tends to be more narrow. ' 

The comforative activity of calcium, strontium ond magnesium on the prothrombin 
time. From the results of table 4 one can see that calcium is much more active 
than strontium but that, surprisingly, even magnesium has a definite even though 
weak activity. The range of concentrations at wliich a minimum prothrombin 
time is obtained is widest for calcium. Significantly, however, a solution as 
diluted as 0.0006 M MgCIo will produce coagulation when excess thromboplastin 
is present. The optimum concentration of strontium and magnesium is essen- 
tially the same, but the inhibitory action of magnesium appears to be gi’eater. 


TABLE 5. Influence of varying concentrations of strontium, magnesium 

AND BARIUM IN PRESENCE OF A FIXED OPTIMUM AMOUNT OF CALCIUM (0.005 m) 
ON THE PROTHROMBIN TIME OF PLASMA DECAl.CIFIED WITH AmBERLITE 


CONCENTSATIOK 
OF THE SALT 



PROTHROitBIN TlifE 



SrClj 

! MgCh 

1 . 

i Bad! 


Man 

Rabbit 

1 Man 

Rabbit 

j Man 

Rabbit 

M 

sec . 

sec . 

sec . 

sec . 

sec . 

sec . 

0.006 

12 

6.5 

\ 12 

6.5 

i 12 

i 6.5 

0.012 

12 

6.5 

12 

6.5 

13 

! 7 

0.018 

12 

6 

12 

6.5 

1 14.5 

8.5 

0.024 

12 

6.5 

12.5 

6.5 

17 

9.5 

0.042 

12 

6.5 

12.5 

6.5 

19.5 

10.5 

0.06 

15.5 

9 

14.5 

9.5 

26.5 

15 

0.078 i 

25 

15 

26.5 

14 

CO 

CO 

0.102 1 

35 

20.5 

38 

22.5 



0.12 

43 

28 

40.5 

26.5 



0.138 

114 

48 

98 

42.5 



0.16 

165 

112 

124 

79.5 



0.18 

302 

148 

256 

124 



0.2 

00 

00 

00 

CC 




To test whether this action is real or apparent, the prothrombin time was de- 
termined using a fixed optimum concentration of calcium and the same series 
of dilutions of strontium and magnesium chloride. From the results in table 5 
it is obvious that the inhibitory action of strontium and magnesium is practically 
equal and of the same order of magnitude as the retarding action of calcium itself. 

DISCUSSION 

It can be concluded that the minimum amount of calcium required for optimum 
coagulation, as judged by the shortest clotting time, is approximately the same as 
the concentration normally found in blood. Clotting still occurs, however at 
much lower concentrations especially if the amount of thromboplastin present is 
increased. This possibly explains why Vines (3) found that only one seventeenth 
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of the serum calcium was necessary for coagulation and Stassano and Daumas 
(4) Ihtewise stated that only 13 to 21 mgm. of calcium per liter of blood were 
required for clotting. It should be emphasized that the coagulation time as de- 
termined ordinarily is influenced mainly by the variations of the available throm- 
boplastin and that the changes in calcium concentration which can occur in phys- 
iological or pathological conditions are probably never sufficient to affect the 
speed of coagulation. 

While it is generally accepted that calcium is necessaiy for the conversion of 
protlu’ombin to thrombin, it is still a moot question whether it acts catalytically 
or stoichiometrically. The former view has been accepted almost unhesitatingly, 
but the senior author has recently demonstrated (5) that if the concentration of 
calcium is progressively diminished a point is reached at wliich the prothrombin 
conversion is decreased even though excess thromboplastin is present, which 
clearly suggests a stoichiometric relationsliip. Our finding that the coagulation 
begins to be retarded when the calcium concentration is reduced a little below 
50 per cent of the nonnal is likewise in accord with the stoichiometric view. 

The possibility that calcium may have a second role in coagulation must, in 
the light of recent developments, be serious^'’ considered. Ferguson (6), in 1934, 
reported that calcium is necessaiy for the agglutination and lysis of platelets. 
Recently the senior author obtained data (7) showing that thromboplastin occurs 
in the plasma in the form of a precursor which he designated as thromboplastino- 
gen. For the activation of the latter a factor present in platelets is required. A 
little later, Milstone (8) also recognized that plasma contains a precursor of 
thromboplastin, which he has named prothrombinokinase. He has reported ex- 
periments indicating that calcium is necessary for the conversion of the precursor 
to active thromboplastin. Since there are findings which indicate that thrombin 
is necessary for the agglutination of platelets (9) it remains problematic whether 
calcium functions only in thrombin formation or also in platelets Ij’^sis and in the 
activation of the thromboplastin precursor. 

Whether calcium can be replaced by other bivalent ions has been investigated 
by various authors. It was observed by Arthus and Pages (10) that strontium 
had coagulant action, but was less active than calcium. Similar observations were 
recorded by Heard (11), Ringer and Sainsbury (12) and Mellaiiby (13). The 
last three authors claimed that barium chloride also possessed clotting activity, 
Avhile Arthus and Pages had found it ineffective. Loomis and Seegers (14) 
recently found that strontium was a fair but rather slower activator of prothrom- 
bin than calcium and that even magnesium and barium had acti^dty, though very 
weak. Richards and Johnson (15) studied the substitution, of strontium for 
calcium in the one-stage prothrombin method and found that the prothrombin 
time Avas much longer and higher concentrations of strontium were required as 
compared nnth calcivim for optimal activity. The findings of the present investi- 
gation confirm the prerdous observations that strontium has definite but Aveaker 
action than calcium in coagulation. Magnesium is ineffective to bring about 
clotting of decalcified blood and plasma unless a high concentration of thrombo- 
plastin is present. It appears, therefore, that the action of calcium in coagulation 
is not specific, but that strontium and magnesium likeAAdse shoAA’^ this action. 
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Calcium and also strontium and magnesium exert an inhibitory action on 
clotting as their concentration is increased above the optimum level. This was 
observed as early as 1896 by Horne (16) and recently confirmed by Greville and 
Lehmann (17) who also concluded from their studies that a true antagonism 
exists between Mg++ and Ca++ in respect to plasma clotting. Since these ions 
accelerate or retard clotting purely on the base of their concentration, the coagu- 
lation time or prothrombin time is therefore a resultant of a positive or activat- 
ing and a negative or inliibitory action of calcium and related bivalent ions. 
Since the activating effect of strontium and magnesium is relatively weak, the 
inhibitory influence becomes very evident. If the activating action is made 
constant by selecting, for instance, an optimal concentration of calcium, it is 
found that the inhibitory effect of calcium, strontium and magnesium is essen- 
tially the same and is relatively weak. 

It seems logical to assume that the activating effect of calcium, strontium and 
magnesium takes place directly in the interaction of prothrombin with thrombo- 
plastin. The possibility that they may also function in the lysis of platelets must 
not be ignored. On the other hand, the inhibitory action may perhaps be due 
to the ability of these ions to stabilize proteins, particularly fibrinogen. It 
should also be emphasized that extrinsic factors may alter the relative domination 
of one effect over the other. Thus, in the coagulation of whole blood, the activat- 
ing power of calcium, strontium and magnesium is comparatively weak due to the 
limited quantity of thromboplastin available. When excess of thromboplastin 
is present, then the activating force overshadows the inhibitory and under these 
conditions magnesium exhibits clotting activity. From the results presented 
one can find no evidence of a direct antagonism between calcium and the other 
ions. 


SUMMARY 

By studying the effect of varying concentrations of calcium chloride added to 
blood after decalcification by means of Amberlite, it was found that the optimal 
amount of calcium is approximately the same as normally present in blood. 
Strontium has a weak clotting activity and a higher molar concentration is re- 
quired. Magnesium fails to clot decalcified blood. 

Calcium, strontium, magnesium and barium have an inhibitory action on 
coagulation wliich becomes greater as their concentration is increased above the 
optimum level. By adding a fixed optimum concentration of calcium and vary- 
ing amounts of strontium, magnesium and barium to decalcified plasma it was 
found that the first two have about the same inhibitory action, whereas bar- 
ium has a much greater anticoagulant effect. 

Strontium is decidedly less active in coagulation than calcium in the presence 
of excess thromboplastin. Magnesium has a weak but definite acti%uty. The 
molar concentrations required for the shortest prothrombin time are higher for 
strontium and magnesium than for calcium. With a fixed optimum concentra- 
tion of calcium the inhibitorj’’ effect of strontium and magnesium is found to be 
approximateljj- the same and of about the same magnitude as that of calcium. 
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The discovery of the action of renin on the serum globulin hypertensinogen 
and the separation of the polypeptide hypertensin (angiotonin 1, 2) led to the 
hypothesis that this transformation is enzymatic and that the resulting eleva- 
tion in blood pressure is a function of newly formed hypertensin. Increased 
renin activity, it was postulated would result in larger hypertensin production. 

Recent studies (3-8) necessitate re-evaluation of the renin-hypertensin theory 
as an explanation of the humoral mechanism concerned in hypertension. At- 
tempts to demonstrate adequate amounts of renin in the blood of hypertensive 
patients and animals so far have been unsuccessful. Moreover, it has not been 
possible to find hj^pertensin in the blood of hypertensive patients or animals (9) 
or to detect it in plasma withdrawn at the peak of the pressure curve subsequent 
to an injection of renin into rabbits (10). 

The study that follows supplies further evidence that the blood pressure 
response to renin cannot be explained adequately by the production of hyper- 
tensin. 


MATEEIALS AND METHODS 

Renin preparations free of hypertensinase- were made following the method 
described by Katz and Goldblatt (11) as modified by Dexter (3). Fresh hog 
kidneys in 5-kgm. batches were prepared in an electric meat grinder and, after 
the addition of tAvice their AA'eight of distilled Avater and thorough mixing, were 
allowed to stand overnight at 5°C. The material Avas then strained through five 
thiclmesses of gauze and the pulp discarded. The resulting Iddney extract was 
brought to pH 2.9 ± .05 at 0°C. with 10 per cent trichloracetic acid. Cold 
saturated NaCl solution was added until the molar concentration was .92 to 
precipitate the hjpertensinase. The ‘brei’ Avas then filtered over a period of 
5 to 6 hours at -k5°C. The resulting clear, yelloAv filtrate Avas adjusted to pH 
5.0 Avith IN NaOH; 400 grams of solid ammonium sulfate per liter of filtrate 
AA’ere added and after 4 or 5 hours it aa'es filtered through large Buchner funnels 
Avith E & D filter paper ^ 615 and Kieselguhr. The precipitate aa'es redissolved 
in a small amount of distilled water; it Avas then dialyzed against distilled Avater 
until the dial5'’sate AA''as free of sulfate and the resulting renin solution AA''as lyo- 
philized. This method 5 uelded about three grams of protein per 5-kgm. batch 
of Iddney . Tavo mgm. Avere equiA^alent to one SAAungle Dog Unit (12) on direct 

* Aided by a grant from the Commonwealth Fund. 

^ ^'Grateful acknowledgement is made to Dr. Dexter for his contribution of hyperten- 
sinogen and for confirming that the renin preparation was free of h 3 pertensinase. 

oflT 
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injection. Hypertensinogen furnished by Dr. Dexter was used in the first ex- 
periments. Later, Armour Bovine fraction was secured. In some ex- 

periments freshly prepared dog serum freed of hypertensinase was substituted for 
hypertensinogen. 

Hypertensinogen and renin solutions kept in motion by an electric stirrer were 
incubated in a water bath at 38°C. Two cc. of 1/15 N phosphate buffer (pH 7.5) 
were added for everj’' 10 cc. of 1 per cent hypertensinogen solution to maintain 
a pH of 7.4 to 7.5. 

In the experiments with short incubation times, great care was taken to stop 
the hypertensin formation abruptly. The interruption was accomplished by 
adding a previously determined amount of IN HCl to bring the pH to 5.2. The 
acidified fluid was then immersed in boiling water. Following deproteinization 
and removal of the precipitate (moist Whatman ^ 1), the filtrate was lyophilized, 
the dry product, redissolved in distilled Avater, Avas tested for its hj'-pertensin 
content Avithin the hour by intravenous injection into the foreleg of a nem- 
butalized dog. The femoral artery of such an animal Avas cannulated and con- 
nected Avith a mercury manometer Avhich recorded the blood pressure on a 
kjonograph. The direct renin assay aa'rs carried out in the same Avay. The 
technique for perfusion of the rabbit ear has been described (13). 

RESULTS 

Speed of hypertensin formation. In the course of many experiments it Avas 
observed that the average latent period folloAving intravenous injection of renin 
into the foreleg of a dog is 16 seconds. This accords Avith A’^alues reported in the 
literature (14) . Hypertensin formation obviously must be prompt to be causa- 
tively associated Avith the rise in pressure. The velocity of the catalytic process 
in vitro is illustrated in the folloAving typical experiments, nos. 1 to 4 (table 1). 

As is evident, large amounts of hypertensin Avere formed after only 20 or 30 
seconds incubation of renin Avith hypertensinogen or serum. 

Completeness of transformation of hypertensinogen. Interestingly enough 
prolongation of the incubation of renin and hypertensinogen to one and one half 
or three minutes did not increase the hypertensin yield significantly. This is 
demonstrated in table 1, experiments 5 to 9, and by figures 1, 2, 3 and 4. 

The results of the experiments 6, 7, 8 and 9 indicate that 20 to 30 seconds of 
incubation of 100 cc. of hypertensinogen or serum Avith 1.5 to 2.5 units of renin 
AA’ere sufficient to result in the total amount of hypertensin the available hyper- 
tensinogen is able to yield. The amount of fraction IVi (one gram) used in these 
experiments compares satisfactorily Avith the possible total quantity of this 
fraction present in the plasma of a small dog^. 

It can be assumed, therefore, that injection of sufficient renin into the blood 
stream of a dog rapidly catalyzes the formation of the total possible amount of 
hypertensin. 

“ The total plasma proteins of a 5.5 kgm. dog (450 cc. blood, 250 cc. plasma) approximate 
14 grams. The a-globulin fraction comprises about one-fourteenth of the total plasma pro- 
teins. (E. J. Cohn el al., J. Am. Chem. Soc. 68: 459, 1946.) 
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Action of increasing amounts of renin in vitro and in vivo. As has been reported 
(14) the duration of the blood pressure elevation folloiving h 3 ^pertensin injection 
is not more than 2.5 to 3 minutes. In contrast, an injection of only 2 or 3 dog 
units of renin is followed b}'- a sustained elevation of the blood pressure extending 
to 20 and sometimes even exceeding 30 minutes. The differences in the two 


TABLE 1 


EXPERIMENT 

RENIN UNITS 

1% HYPERIENSINO- 
GEN (h) or dog 
SERUM (s) 

INCUBATION 

PERIOD 

BLOOD PRESSURE 
RISE 

^^'EIGST OF 
DOG 



cc. 

sec. 

mm. Eg. 

kgtn. 

11 

1.5 

100 H 

30 

42 

10 

2 

1.5 

100 H 

30 

71 

7.7 

3 

2.5 

100 S 

30 

86 

8 

4 

2.5 

100 S 

20 

85 

7.6 




mm. 



5^ 

1.5 

100 H 

3 

58 

10 


1.5 

100 H 

u 

52 



1.5 

100 H 

1 

2 

42 

i 

6 

1.5 

100 H 

3 

73 

7.7 


1.5 

100 H 

n 

74 



1.5 

100 H 

1 

71 


7 

2.5 

100 S 

3 

90 

8 


2.5 

100 S 

i 

86 


8 

2.5 

100 S 

i 

70 

9 


2.5 

100 S 


74 


9 

2.5 

100 S 

3 

85 

7.6 


2.5 

100 s 

1 

5 

81 


10’ 

2 

20 H 

5 

58 

7 


8 

20 H 

5 

54 


11 

.5 

140 H 

10 

78 

6.8 


1 

140 H 

10 

76 



2 

140 H 

10 

80 


12 

1 

100 S 

0 

68 

6.8 


3 

100 S 

5 

74 



9 

100 S 

5 

78 



^ Hypertensin yield after 20 to 30 seconds incubation of renin with hypertensinogen or 
serum (experiments 1 to 4) . 

- Completeness of the hypertensin yield after only 20 to 30 seconds incubation of renin 
with hypertensinogen or serum (experiments 5 to 9). 

= Relation of hj^pertensin yield to quantity of renin (experiments 10 to 12) . 

pressor curves are striking (fig. 5). Slow and continuous hypertensin formation 
has been suggested as the cause of the prolonged elevation of the blood pressure 
following renin (14). There is no evidence to support this or that there may be 
delay in the in vivo mixing of the hj^pertensinogen and renin, two possibilities that 
should be borne in mind. The observed rapid completion of hypertensin forma- 
tion in vitro and the absence of information to the contraiy in the living animal 
is notewortly negative evidence. 
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On the other hand, the speed and completeness of tlie in vitro transfonnation of 
hypertensinogen probably is an expression of excess renin. This was obtained 
with 1.6 Swingle units as shown in experiments 5 and 6 and 2.5 units in experi- 
ments 7, 8 and 9 (table 1). If these amounts of renin represent excess, increasing 
quantities should not lead to greater hypertensin yield. That this is the fact 
was demonstrated in another series of experiments, nos. 10 to 12 (table 1). 


240 - 

2 . 0 - 



0 1 I I I I I I I . I ' 

0 12 3456789 

TIME IN MINUTES 

Fig. 1. Blood pressure curves fouuowing i.v. injection of. hypertensin produced 
by incubating 1.5 units of renin with 100 cc. of 1 per cent h 3 'pertensinogen for; (1) three 
minutes, (2) one and one-half minutes, (3) one-half minute (Exp. 6, table 1). 

Fig. 2. Blood pressure curves following i.v. injection of hypertensin produced 
by incubating 2.5 units of renin with 100 cc. of dog serum for: (1) one-half minute, (2) three 
minutes (Exp. 7, table 1). 


No significant differences in hypertensin yield were observed with quadrupled 
renin amounts (experiments 10 and 11). Nine Swingle units of renin yielded 
almost the same amount of hj’pertensin as three, and three units only insignifi- 
cantly more than one (experiment 12, fig. 6). Briefly, if one Swingle unit or 
multiples thereof are incubated vfith constant amounts of hypertensinogen, the 
hypertensin jdeld is practically the same; this holds even when rather large 
quantities of hypertensinogen are available. It is difficult to reconcile the un- 
changed hypertensin yield in in vitro experiments with the well graded increment 
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in blood pressure response to injection of increasing amounts of renin into the 
living animal. Hessel (15) reported a direct relationship between the quantities 
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Fig. 3. Blood pressure curves following i.v. injection of hypertensin produced 
by incubating 2.5 units of renin with 100 cc. of dog serum for: (1) control (no renin added to 
the serum), (2) one-half minute, (3) one and one-half minutes (Exp. S, table 1). 

Fig. 4. Blood pressure curves following i.v. injections of hypertensin produced 
by incubating 2.5 units of renin with 100 cc. of dog scrum for; (1) control (no renin added 
to the serum), (2) one-third minute, (3) three minutes (Exp. 9, table 1). 


of intravenously injected renin and the blood pressure response, and suggested a 
blood pressure unit’ E. 

Other investigators reported similar results (16). Swingle and associates (12 
defined a renin unit and reported a response of 32 to 52 mm. of Hg for one unit, 
55 to 96 for two, 62 to 119 for three and 95 to 132 for four. 
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Discrepancies are evident between the action of medium amounts of renin 
(one to 3^ Swingle units) in vitro and their pressor action in vivo. Definite differ- 
ences^are also demonstrable when the .effects of the injection of - large amounts of 
renin are compared with the effect of large amounts of hj^Dertensin. Pressure 
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Fig. 5. Blood pressure curves FOLLO'n’-iNG : (1) i.v. injection of six units of hj'-per- 
tensin, (2) i.v. injection of four units of renin. 

Fig. 6. Blood pressure curves following i.v. injections of hypertensin produced 
by incubating different amounts of renin with constant amounts of hypertensinogen (100 
cc. of dog serum). (1) one unit of renin used; (2) three units of renin used; (3) nine units of 
renin used (Exp. 12, table 1). 

rises of 160 to 180 mm. of Hg were often observed following injections of 8 to 10 
units of renin (16) and Hessel (15) even reported rises of 250 mm. and more. 
On the other hand, the maximal blood pressure elevations observed in these 
studies following injection of h 3 rpertensin did not exceed 100 mm. of Hg. These 
results are in agreement with those of Braun-jMenendez and associates. The 
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latter authors observed maximal elevations of not more than 90 to 100 mm. of 
Hg, with up to 20 units of hypertensin (14). 

Hyperlensin yield with increasing quantities of hypertensinogen. The great 
amounts of hypertensin used in the experiments reported in this paper were pre- 
pared with rather large quantities of hypertensinogen. Table 2 shows the 
relation between hypertensin yield and availability of hypertensinogen. 

The dependency of the hypertensin yield on the available hypertensinogen is 
evident and has been reported previously (14). The influence of the quantity 
of renin used in this series is insignificant, as can be seen from the similar hyper- 
tensin yield. 

The reason for the different action of renin in vivo is obscure. Eenin still is 
a crude mixture containing many enzymes. The possibility arises that it may 
contain a substance which acts directly on effector cells and that this second 


TABLE 2. Relation of hypertensin yield to the available hypertensinogen 


EXPERIJIENT 

RENIN UNITS 
'swingle’ 

i% HYPER- 
TENSINOGEN 

ERACTION OF THE 
TOTAL HYPERTENSIN 
YIELD INJECTED 

BLOOD PRESSURE 
RISE 

1 . . 

WEIGHT OF 
DOG 



CC. 


! 

mm. Bg 

kgm. 

13 

4 

40 

Total 

57 

7 


4 

80 

One half 

63 



4 

320 

One fourth 

66 

# 


14 

1 

20 

Total 

42 



1 

80 

One half 

65 

7.2 


1 

160 

One half 

90 


15 

2 

20 

Total 

30 



2 1 

100 1 

One half 

30 

5.4 


2 

150 

One fourth 

40 



2 

310 

One sixth 

1 

50 



effect may be demonstrable. An effort to accomplish this involved amputation 
and perfusion of one ear of a rabbit, intravenous injection of renin or h 5 q)ertensin 
followed by removal and perfusion of the second ear. 

Preliminary study showed that the initial perfusion rates of both ears of normal 
rabbits did not vary significantly when the ears were amputated within 30 minutes 
of each other. The variations with 10 pairs of ears were only 10 to 20 per cent 
of the drop rate. 

The effect of intravenous injection of renin. One ear of a normal rabbit was 
amputated and the basal drop rate determined. Two to three ‘Swingle’ dog 
units of renin were then injected into the animal intravenously. Five to fifteen 
minutes later the second ear was amputated and perfused with 20 cc. of Ringer- 
Locke to insure absence of blood. The initial drop rate of the second ear in 
each of 12 perfusion experiments with Ringer-Locke was 40 per cent to 98 per 
cent less than tliat of the control ear and remained at this rate for at least five 
minutes. On continuation of the perfusion with Ringer-Locke it gradually 
returned over a period of 10 to 30 minutes toward the basal rate of the control ear. 
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The effect of intravenous hyperiensin injection. The identical experiments were 
carried out in six rabbits using intravenous hypertensin injections instead of 
renin, with markedly contrasting results. 


TABLE 3. Renin influences the vessels of the babbit’s eab in a 

MANNER DIFFERENT PROM THAT OF HYPERTENSIN 


EXPERIUENT 

EAR 

1 

1 

DROP RATE PER i MIN. 

i 

MNIN UNITS ‘SWINCIX’ 

TIME IN MINUTES FROM 
INJECTION TO AMPU- 
TATION OP EAR 

16 

First 

28 




Second 

4 

3.0 

■5 

17 

First 

38 


— 


Second 


2.5 

5 

18 

First 

28 

— 

— 


Second 

5 

3.0 

5 

19 

First 

26 






Second 

10 

1 

2.0 

5 

20 

First 

44 



— 


Second 

1 5 

3.0 

6 

21 

First 

38 

— 



Second 

1 

1 

2.0 

nVPERTENSlN UNITS 

1 5 

1 

1 

22 

First 

23 


— 


Second 

53 

3.0 

1.5 

23 

First 

24 






Second 

30 

3.0 

1.25 

24 

First 

34 

— 

— 


Second 

50 

3.0 

1.0 

25 

First 

18 

— 

— 


Second ' 

j 

30 

6.0 

0.75 

26 

First 

20 

— 




Second 

55 

6.0 

0.75 

27 

First 

30 



— 


Second 

46 

7.0 

0.75 


After the basal drop rate of the first ear had been determined, 3 to 7 units of 
hypertensin were injected into a rabbit. At the peak of the pressor response 
(between 45 and 90 seconds after the injection) the second ear was removed, 
flushed out vnth 20 cc. of Ringer-Locke and the drop rate measured within three 
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minutes of the time of the hypertensin injection. In no instance was there any 
reduction in drop rate; there was rather a prompt increase, indicating vasodila- 
tion, which subsided after a minute or two to the basal level of the first ear. 
Table 3 contains the data of typical experiments. 

SUMMAKY AND DISCUSSION 

Amounts of renin just detectable by bioassay in a dog are capable of rapidly 
and completely transforming large quantities of hjqiertensinogen. An increase 
in renin over and above these amounts does not augment the hypertensin yield 
significantly, the latter depending exclusively upon the available amounts of 
hypertensinogen. No e\ddence is at hand to indicate that the quantities of 
hypertensinogen in the blood can increase consequent to injection of renin. 
It may be concluded, therefore, that the proportional increase in blood pressure 
that follows the intravenous injection of increasing amounts of renin cannot be 
explained by a greater formation of hypertensin. 

Differences between the renin and hypertensin effect on blood vessels have 
been demonstrated: A constrictor effect of intravenously injected renin on the 
vessel walls of the rabbit’s ear is observable after the organ has been removed 
from the body and perfused with Ringer-Locke for many minutes. No such 
effect can be demonstrated following an injection of hypertensin. 

The possibility is suggested that an unlcnown factor contained in renin may 
either prolong or intensify the action of hypertensin or may act independently of 
it. Recent reports are of interest in this connection. Tripp (17) suggests that 
hypertensin (angiotonin) lacks some pressor material resulting from the renin 
and substrate reaction. Helmet and Shipley (18) believe they have evidence of 
the presence of a pressor substance distinct from renin and originating in the 
Iddney. 

Results included in this communication permit the conclusion that the in vivo 
renin effect is not adequately explained by hypertensin formation. 

We acknowledge the valuable technical assistance given by Miss Helen Criscuolo, Mr. 
Edward lannucci and Mr. Peter Integlia. 
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The mean serum magnesium concentration in normal persons has been re- 
ported variously as from 2.00 to 2.74 mgm. per cent, with a range from 1.60- 
to 3.66 mgm. per cent (5). Haury and Cantarow (5) found in 52 subjects normal 
limits from 1.7 to 3.1, with a mean of 2.48 mgm. per cent. Higher concentra- 
tions produce well known pharmacological actions (reviewed by Smith, Winkler 
and Hoff, 12). Vasodilation occurs with concentrations as low as 2 to 5 mEq- 
per liter (1 mEq. equals 1.2 mgm. per cent), and this is, according to Haury v/ 
(4), a peripheral action, and according to Winkler et al. (17) an action upon the 
arterioles. Greater concentrations affect the nervous system, first with a 
‘curare-like’ action of retarding neuromuscular transmission (7, 16). With 
serum concentrations of 6 to 14 mEq. per liter muscles fail to respond to single 
shocks through the nerve, and with higher concentrations the response to first 
low and then high frequency stimulation disappears. Still higher concentrations 
cause depression of the central nervous system. 

The temperature-depressing effects of magnesium are less well known, though 
described in 1916 by Schutz (11) in rabbits. He thought the action was on the 
temperature-regulating centre, but this is not certain from his work in view of 
the knoTOi peripheral actions of the drug. A number of papers from the labora- ^ 
tory of H. G. Barbour (17, 18) also fail to give conclusive evidence as to the site 
of action and mechanism. Our interest was renewed on reading that Suoma- 
lainen (13, 14) had found an elevated ratio of magnesium to calcium in the serum 
of hibernating hedgehogs. A single experiment by one of us in 1937 on an un- 
anaesthetised cat gave the result that magnesium injection caused panting at a 
lower body temperature than usual and suppressed shivering on cooling. 

Since magnesium, unlike most antipyretics, is a simple inorganic ion and is 
somehow concerned in hibernation, a specific effect on the temperature-regulating y 
centre, if it could be demonstrated, would be of considerable interest and might 
even suggest that the level of serum magnesium was concerned in the normal 
regulation of body temperature. 

Since the centre is extremely sensitive to anaesthetics (6), studies on the nor- 
mal regulation must be made on unanaesthetised animals, and dogs were chosen s/ 
for this reason. The plan was to study the mechanism of lowering of body 
temperature after injection of magnesium in three sets of conditions; o) at 

^ 1 Tliis work was carried out with the aid of a Medical Research Fellowship from the 
National Research Council, Canada. 
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ordinary room temperature, where there was initially neither shivering nor 
panning; 6) while the animal was being warmed and panting moderately; and 
c) tvhile the animal was cooled and shivering moderately. , In each case the par- 
ticular regulating mechanism involved could show increase, decrease or no 
change. / 

' METHOD 

Tor each experiment the dog was placed on the animal table and ^vrapped in a 
special rubber 'blanket’ through which warm or cold water could be circulated 
under controlled conditions to warm or cool the animal (fig. 1). The deep 
rectal temperature and the surface temperature of the large pad of the right 
forepaw were taken bj’’ means of thermocouples. The paw temperature seiwed 



as an indication of vasoconstriction or vasodilation. T\Tien the rectal and paw 
temperatures had become stabilized molar magnesium chloride in various 
amounts was injected into a saphenous vein and the effects observed. 

Samples of venous blood were vdthdravTi during the experiments and the 
serum magnesium concentrations were estimated either by a modification of 
Hdffinan’s method (8) using 8-hydroxyquinoline, or, in later experiments, by a 
modification of Gamer’s method (3) using Titan yellow. 

The degree of shivering or of panting, when present, was estimated by in- 
spection, and for comparative purposes was evaluated as 1, 2, 3 or 4 plus. In 
the warming experiments the apparatus was adjusted so that before the injection 
the dbg maintained a stable rectal temperature bj’’ moderate intermittent pant- 
ing, and this was recorded as two plus panting. In cooling experiments the 
temperature of the cooling water (about 7°C) was such that initially the dog 
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mamtained a stable rectal temperature by means of vasoconstriction and moder- 
ate shivering. This is recorded as two plus shivering. 

OBSERVATIONS 

General effects of injection of magnesium. Usually the dog had been quite 
active before entering the apparatus and was warm and panting at the beginning 
of the experiment. The animal became quiet in the apparatus and the paw and 
rectal temperatures became stabilized. When magnesium was injected in- 
travenously the effect varied with the dosage, from mild or moderate depression 



Fig. 2. Charts of two .experiments. Left; 20-kgm. dog at room temperature. 
Right: 10-kgm. dog first cooled, then warmed. Molar magnesium chloride was injected 
intravenously at the point shown by the arrows. 


to complete paralysis or even narcosis. In all the experiments the dog salivated 
profusely during and immediately following the injection. In almost all the 
experiments there was a short period of retching after the injection. The dog 
usually became drowsy during part of the time after the injection, and there was 
depression of the Achilles’ tendon reflex, which was from moderate to complete, 
depending on the dose. . , . ' ’ 

Effects on temperature regulation. Figure 2 shows two experiments, the first 
at room temperature and the second with cooling followed by warming, to il- 
lustrate the results. The drop of rectal temperature after injection of magnesium 
m each case indicates the antipyretic action, but the mechanism is obviously 
different. .In the first experiment, the rise of paw temperature indicates a 
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vasodilation and there was also stimulation of panting. In the second case, 
during cooling, shivering was inhibited, while there was no evidence of panting 
or vasodilation, even though the latter occurred reflexly after wanning (at time 
210 minutes). The results of 20 experiments on three dogs are summarized 
in table 1, where only the maximal changes of rectal and paw temperatures are 
given. The mean values at the foot of the tables should of course be regarded 
rvith suspicion, as the data is heterogeneous, but they serve to summarize the 
findings. 

When panting was present it was typical polypneic panting vdth the mouth 
held open, rapid rhythmic shallow respiration, and rhythmic movements of the 
tongue and labial commissures sjmchx'onous with respiration. When the dose of 
magnesium was high enough to produce symptoms of paralysis at the same time 
that panting was stimulated, there was a striking contrast between the efforts 
of the animal to pant and the general depression. 

Injection of magnesium was always followed by a fall of rectal temperature. 
However, the changes occurring in peripheral blood flow (as sho\Mi by changes 
in paw temperature), in panting or in shivering when present, differed according 
to the condition of the animal with regard to temperature regulation at the time 
of the injection. Fi'om table 1 the effects can be summarized as follows: 

a) In an animal being warmed there was an increase in panting, and a vaso- 
dilation in the cases where this was not already maximal. 

b) In an animal neither warmed nor cooled there was vasodilation always, 
often accompanied by panting. 

c) In an animal being cooled there was a decrease or cessation of shivering. 
Vasoconstriction, however, persisted. 

DISCUSSION 

Possible mechanisms by which these changes in temperature regulating func- 
tions could be produced are; 

a) Mechanisms independent of the temperature-regulating centre, such as 
1. peripheral vasodilation 2. paralysis of the neuromuscular junction by a curare- 
like action of magnesium and 3. a depression of metabolism. 

b) Mechanisms involving the centre, such as 1. depression of temperature 
regulation against cold, either specific or part of a general depression of the central 
nervous system, and 2. stimulation of the central regulation against heat. 

The one feature tliat is common to all the experiments, in the different con- 
ditions, is a fall of rectal temperature after the injection of magnesium chloride. 
Since control injection of sodium chloi'ide did not affect body temperature (and 
this is well kno^vn), it is concluded that the effect is due to the magnesium ion. 

Because of the pharmacological actions of magnesium it is necessary to con- 
sider certain possibilities whereby the body temperature might be affected in- 
dependently of the temperature-regulating centres. Magnesium is a powerful 
vasodilator, and this action is reputed to be peripheral (4, 17). Also, magnesium 
exerts a powerful paralytic action at the neuromuscular junction — its so-called 
‘curare-like’ action (7, 16). Either of these actions could influence temperature 
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TABLE 1.— SujfjrARr of expekijients 



ROOM 
TEMP, j 

M. 

MgCls 

IN- 

JECTED 

CHANGE IN 
RECTAL 1 
TEMP. 1 
ATTER Mg 1 

1 PAW TEMP. 

1 panting 

1 

WT. IN KILOS 

Initial I 
temp. I 

1 Change 
oninjln.l 

j Before i 

After j 



A. Dog neither wanned nor cooled 



-C. 

ml. 

”C. 1 






9.6 

21 

4.8 


Sta; 

wa 

yed 

-rm 

0 

++++ 

Rectal temp, still 
falling when expt. 
ended. Paw temp, 
estimated by pal- 
pation only. 

20 

24 

16.0 

1 

-1.04 

29.7 

+5.4 

0 

++++ 

Panted during in- 
jtn., evidence of 
narcosis by Mg. 
Increased pant- 
ing when narcosis 
tvore off. 

20 

26 

5.0 

-0.35 

34.2 


0 

+++ 

Serum Mg 4.23 
mg. % 25 mins, 
after injection. 

10 

25 

5.0 


34.4 

1 

+1.2 

0 1 

1 

++ 

Serum Mg 9.04 
mg. % 22 mins, 
after injection. 

10 

22 

7.5 


22.4 

■4"9 .6 

0 

0 

Serum Mg 10.04 
mgm. % 7 mins, 
after injection. 

10 

24 

10.0 

-0.95 

22.5 

+4.3 

0 

++++ 

Serum Mg 10.9 
mgm. % 9 mins, 
after injection. 

10 

26 

9.5 

-0.49 

33.0 

+1.4 

Occas. 

panting 

+++ 

Serum Mg 2.04 
mgm. % before, 
7.60 mgm. % 12 
mins, after injec- 
tion. 

Mean values. . . 

24 



29.4 

+3.8 

0 

+++ 



B. Dog warmed 


9.6 

27 

4.8 

-0.87 

36.7 

+1.5 

++ 

++++ 


20 

21 

1 5.0 

0 

36.1 

, -3.8 

++ 

++++ 

First expt. on this 

9.6 

26 

1 

9.6 

-1.43 

36.0 

1 

+0 

! 

d — ! — 1 — b 

dog. Struggle 

during injtn, 

raised rectal 

temp. Constric- 
tion may be psy- 
chogenic. 

Curare-like action 

20 

20 

6.0 

-0.56 

1 

1 

25.5 

+9.0 

j 

++ 

■ 

++ 

of Mg obvious. 
Panting very 

severe. 
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TABLE 1 — Continued 


WT. IN KILOS 

ROOM 

M. 

MgCl2 

CHANGE IN 
RECTAL 

PAW TEMP. 

PANTING 

REMARKS 

TEMP. 

IN- 

JECTED 

TEXO*. 1 
AFTER Mg ' 

Initial 

temp. 

Change 

oninjtn. 

Before 

After 


“C. 

ml. 

°c. 






10 

j 

27 

5.0 

! 

-0.25 

35.3 

-fl.2 

+ 

+ + + + 

Serum Mg 2.33 
mgm. % before, 
7.12 mgm. % 16 
mins, after injtn. 

10 

27 

7.5 

-0.25 

34.0 

1 

+1.2 

. 0 

+ + 

Serum Mg 9.87 
mgm. % 12 mins, 
after injection. 

10 

24 

7.5 

1 

-0.32 

j 33.5 

1 

+0.5 

++ 

+++ + 

Serum Mg 2.23 
mgm. % before, 
7.59 mgm. % 15 
mins.' after injec- 
tion. 

Mean values. . . 

25 

j 

-0.61 

33.7 

+2.2 

+or-l-l- 

+ +++ 

2nd c-xpt. omitted 
from mean. 


C. Dog cooled 








SniVERINC 


9.6 

16 

i 

4.8 

i 

-0.50 

17.5 

-1.4 

Before 

+ + + + 

After 

_1 — |- 


20 

19 

1.0 

-0.04 

23.3 

-0.3 

+ + + 

+ + 

Some struggling on 

20. 

23 

10.0 

-0.88 

26.3 

+2.7 

+ + 

0 

injection. 

Panting ++++ 

10 

21 

5.0 

-1.05 

22.0 

+1.0 

+ + 

0 

immediately on 
injection. Serum 
Mg 6.0 mgm. % 
30 mins, after in- 
jection. 

Rectal temp, still 

10 

23 

7.5 

1 

-0.90 

1 

21.4 

+1.1 

+ + + 

0 

falling at end of 
expt. Serum Mg 
2.73 mgm. % be- 
fore, 6. 44 mgm. % 
10 mins, after in- 
jection. 

Serum Mg 9.62 

20 

20 

15.0 i 

1 

-0.81 

1 21.1 

+3.2 


0 

mgm. % 15 mins, 
after injection. 

Mean values . . 

20 


-0.70 

21.9 

+1.0 

+ + + 

-h 



without directly affecting the temperature-regulating centres. Increased con- 
centrations of magnesium cause central depression and narcosis, and it is possible 
that general depression would also depress temperature regulation. The prob- 
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lem is to distinguish any action on the temperature-regulating centres from t^se 
other nonspecific actions of the ion. 

Vasodilator action. In the warming experiments and most experiments at 
room temperature, marked vasodilation occurred if it was not present initiahy. 
This is in accord with the accepted vasodilator action of magnesium. However, 
in the cooling experiments vasoconstriction was maintained despite the reported 
peripheral vasodilator action of magnesium. It appears, therefore, that the 
vasoconstrictor centre is not significantly depressed by magnesium in the amounts 
used, for it overrides the tendency of magnesium to cause peripheral vasodilation. 

Action on shivering — neuromuscular paralysis or central depression? In the 
cooling experiments magnesium consistently caused a decrease or cessation of 
shivering without marked evidence of vasodilation. The effect on shivering 
could be due to depression of the centre responsible for shivering. If so, the 
depression might be part of general depression of the central nervous system, or 


TABLE 2. — Mean sebum magnesium concentrations of subjects arranged 

ACCORDING TO OBAU TEMPERATURE 


ORAL TEMPERATURE 

[ MEAN SEBUM MAGNESIUM CONCENTRATION MOM. PEK 100 CC. 

Healthy subjects 

Patients 

”F. 



97.0-97.4 

2.25 (7)1 


97.5-97.9 

2.28 (10) 

2.29 (2) 

' 98.0-98.4 

2.22 (21) 

2.29 (7) 

, 98.5-98.9 

2.36 (7) 

2.25 (7) 

99.0-99.4 


2.29 (2) 

99.5-99.9 


2.23 (1) 


* Figures in brackets show number of observations. 


it might be specific on the temperature-regulating centre. In some experiments 
the dog showed gross paralysis, and in these at least there is no doubt 'that a 
curare-like effect of the ion could be adequate to explain the effect on shivering. 
In other experiments gross paralysis did’ not occur, but there were usually signs 
of depression, and in general there was a positive correlation between the fall 
in rectal temperature and the evidence of general depression. This is in agree- 
ment with Schiitz (11), who noted a relation between the temperature depression 
and the sjunptoms of paralysis after administration of magnesium to rabbits. 
It is possible, therefore, that the curare-like action of magnesium could account 
for the effects on shivering. There may be also a central effect that influenced 
shivering, but it was not distinguished in these experiments from general de- 
pression of the central nervous system. 

Action on panting — stimulation or depression? We have seen that tempera^re 
depression by means of vasodilation, and by means of decrease or cessation of 
shivering, might be explained on the basis of accepted peripheral actions of the 
mapiesium ion. The effect on panting, however, can not be explained by kaovm 
peripheral actions of the ion. By its nature, panting must be a central effect. 
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Superficially, it would appear to represent stimulation of regulation against 
heat. But Lilienthal and Otenasek (9) have described a panting centre that 
is separate from the hypothalamic centres that regulate body temperature, and 
they point out the possibility of release phenomena affecting panting. It is 
possible, therefore, that magnesium may cause panting by releasing such a 
centre from controlling influences, and if this were so it would be consistent with 
the general depressing action of magnesium (10). However, against this is the 
observation that during general depression by means of nembutal, used in one 
warming experiment, panting stopped and body temperature rose. In any 
case, panting is increased by magnesium injection, and an}"- argument as to 
‘direct’ stimulation of a centre or ‘release’ from the influence of other centres 
by their depression is largely academic, especially in view of the well-known 
reciprocal actions in the central nervous system. 

One possible mechanism mentioned for the effect of magnesium on body 
temperature is depression of metabolism. In the present series of experiments 
no attempt has been made to investigate an effect of magnesium on resting 
metabolism, because the obvious effects of magnesium — panting, decrease in 
shivering and increase in paw temperature — are of such importance to tempera- 
ture regulation that the first problem is to determine whether they represent a 
true antipyretic effect, mediated through the temperature-regulating centres. 
Berta and Gybri (2) found that subcutaneous injection of magnesium gluconate 
lowered the oxygen consumption of the rat 20 to 40%. It might be supposed 
that this effect was secondary to neuromuscular paralysis by magnesium, but 
these authors point out that Tangl and Verzar (15) found that in, animals that 
were accustomed to metabolism experiments neuromuscular paralysis by curare 
did not lower the metabolic rate. 

CORRELATION OF SERUM MAGNESIUM LEVELS AND BODY TEMPERATURE IN MAN 

To investigate the possibility that magnesium may play a physiological role 
in determining the normal body temperature, clinical obseiwations were made of 
the serum magnesium concentration in relation to the body temperature at 
various times of- day. Sets of two dr more observations in a 24-hour period 
were made on 10 normal subjects and six ambulatory patients. Forty-five 
determinations on 10 healthy subjects gave a mean value of 2.26 ± 0.33 SD 
mgm. per cent and 19 on ambulatory patients gave 2.26 ± 0.15 SD, the total 64 
determinations yielding a mean of 2.26 zt 0.30 SD. The results are listed in 
relation to the levels of oral temperature in table 2, and it is apparent that there 
is no clear correlation. This was further tested by comparing the magnesium 
levels for each subject when the lowest oral temperature and the highest oral 
temperature were recorded. The results are shoivn in table 3. Again, it is 
seen that there is no constant trend. 

An additional series of observations was made on six patients receiving artificial 
fever therapy in the fever cabinet and on one patient who had artificial fever 
induced by typhoid vaccine. In the patients in the fever cabinet the mean 
serum magnesium concentration was 2.32 ± 0.30 SD mgm. per cent before fever 
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when the mean temperature was 99.2°F, and 2.19 ± 0.26 SD mgm. per cent at 
the height of fever when the mean oral temperature was 105.2°F. The patient 
who received vaccine did not develop much fever, and successive temperature 
and magnesium figures were 98.6° and 2.45 mgm. per cent; 99.6° and 2.40 mgm. 
per cent; and 100.6° and 2.39 mgm. per cent. It is apparent that a large number 
of cases would be needed to prove a significant relation, but in any event the 
change in magnesium concentration with change of body temperature, in the 
physiological range, is too small to lead to significant physiological effects. 

SUMMARY 

1 1. On intravenous injection into the dog magnesium chloride causes a decrease 
in rectal temperature whether the dog is in an environment that is warm, cool or 
at normal room temperature. 


TABLE 3. — Comparison of mean serum magnesium concentrations when the 
LOWEST oral temperatures WERE RECORDED WITH THOSE WHEN THE HIGHEST 
ORAL TEMPERATURES WERE RECORDED 



MEAN TEMPERATURE 

, MEAN SERUM MAGNESIUM 

CONCENTRATION 

18 sets of observations on 10 normal 

-F. 

Low 97.7 

mgm. per 100 cc, 

2.16 

subjects 

High 

98.3 

2.32 

6 sets of observations on 6 patients 

Low 

98.2 

2.38 


High 

98.9 

2.23 

24 sets of observations on 16 subjects 

Low 

97.8 

2.22 

(Total) 

High 

98.4 

2.29 


2. In a cold environment the effect is produced by a decrease of shivering and 
of voluntary motor activity ndthout vasodilation. 

3. In a comfortable environment the effect is produced either by panting or by 
vasodilation or a combination of these, and probably by a decrease in muscular 
tone in some cases. 

4. In a warm environment the effect is produced by an increase in panting. 

5. It is probable that the decrease in shivering is due to the curare-like action 
of magnesium on the neuromuscular junction. If there is depression of the tem- 
perature-regulating centre, it has not been distinguished from the general depres- 
sion of the neiwous system. 

6. The experimental results are not inconsistent with the view that the vaso- 
dilator action of magnesium is a peripheral action. However, in the shivering 
animal the vasoconstrictor centre overrides the vasodilator action of magnesium. 

7. The increase in panting must result from a central effect of magnesium. 
■Viffiile this appears to represent stimulation of the panting centre, it may of course 
be due to a ‘release phenomenon’ when other ‘inhibitorj^’ centres are depressed. 

8. There is no clear evidence that magnesium exerts an antipjuetic action spe- 
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cifically through the temperature-regulating centres. However, its combined 
actions change the level of effective regulation in favour of a lower body tempera- 
ture rather than merely depressing the temperature-regulating mechanism. 

9. In a short series of investigations on healthy human subjects and ambula- 
tory patients no evidence was found that there is a significant relation between 
the diurnal fluctuation of normal body temperature and the serum magnesium 
concentration. Neither was a significant relation found between the serum 
magnesium concentration and the body temperature during artificial fever. , The 
changes in magnesium level with body temperature are too small to be of physio- 
logical importance. | 

We wish to express our thanks to Mrs. Martha McIntosh for her able assistance in con- 
ducting the experiments reported in this paper. 
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The high concentration of histamine in the lung, and in certain species the liver, 
suggests that those organs which first receive the venous effluent from the various 
tissues may function to remove histamine from the systemic circulation and store 
it in an inactive form (1). To test this hypothesis the effect of pulmonary arteiy 
ligation over varying periods of time on the histamine content of the dog lung was 
determined. It was reasoned that if pulmonary tissue functions- to filter and 
store histamine, marked differences in histamine concentration between ligated 
and control lobes would become apparent over a period of time. 

Early experiments were of short duration in order to determine whether or not 
ligation of the pulmonary artery would be compatible with the maintenance of 
structural integrity. The ability of the bronchial circulation to maintain the 
pulmonary parenchyma, a finding which vdll be discussed in more detail in a later 
paper, permitted long range observations which afforded a definitive answer to the 
effect of pulmonary artery ligation on the histamine content of lung tissue. 

METHODS 

Ten stock dogs weighing around 10 to 15 kilograms were used. Anesthesia was 
induced with, pentobarbital and supplemented when necessary by the intratra- 
cheal insufflation of ether-air mixtures through a soft rubber catheter. Under 
aseptic technic, an intercostal incision was made in the right chest. The right 
middle lobe was removed by individual dissection and ligation of pulmonary 
artery, vein and bronchus in that order and preserved for histamine assay. The 
pulmonar}'’ artery branch to the lower lobe Avas then freed and ligated doubly ndth 
silk in continuity. The remaining lobes were protected against direct trauma 
during the course of the operation and carefully reinflated to fill the pleural cavity 
during the closure. There were no operative deaths during the series. 

At intei-vals ranging from two weeks to eight months, the animals were killed 
by overdosage with intravenous pentobarbital. At autopsy the condition 
of the remaining lobes in situ was noted. The occlusion of the pulmonary artery 
to right lower lobe was verified. The right and left lungs were removed sepa- 
rately. In the later animals of the series the weight and collapsed volume of the 
right and left lower lobes were recorded. The bronchi of the two lobes were then 
cannulated, and the two lobes brought simultaneously to inflation by air injection 

‘ Aided by a Grant from the Fluid Research Funds, Yale University School of Medicine. 

417 



418 


GUSTAP E. LINDSKOG AND ALERED GILMAN 


under control with a water manometer. The cannulae were then occluded and 
the expanded volume of each lobe measured by water displacement; the average 
of thi’ee determinations was recorded. In all experiments representative speci- 
mens from the peripheral and hilar portions of the middle lobe (excised at opera- 
tion), and the lower lobes (removed at autopsy) were weighed and placed in a 
refrigerator until treated vdthin a few hours according to the procedure outline 
under assay technic. Additional specimens were immersed in ten per cent for- 
malin and prepared for liistologic studj'’ by hematoxylin-eosin and Masson con- 
nective tissue stains. 

Assay technic. Tissues were kept in the refrigerator from the time they were 
obtained until extracted, usually a period of no more than six to eight hours. 
Control experiments showed that pulmonary tissue may be kept at icebox tem- 
perature for 48 hours without any change in histamine content (2). ' 

From one to three grams of tissue was extracted for histamine assay. The 
samples were thorouglily macerated b 3 ’^ grinding vdth sand, the tissue pulp and 
sand were transferred to a wide-mouthed bottle and exiii'acted for three hours in a 
mechanical shaker with 50 cc. of 70 per cent alcohol containing sufficient HCl to 
make a 0.1 N solution. The supernatant fluid was decanted, the residuum re- 
extracted, and the combined extracts were centrifuged. The resultant superna- 
tant fluid was evaporated to drjmess on a steam bath. The extract was kept in 
the form of this dried residue until the time of bioassay. Immediatelj’’ prior to 
bioassay, the dried residue was taken up in an amount of Tyrode’s solution such 
that the extractives of each gi-am of the original lung sample were dissolved in o 
cc. The resultant solution, free of sediment, was employed in the bioassaj'" and 
either used as such or further diluted udth Tyrode’s solution. 

Assay was performed on isolated segments of guinea pig ileum suspended in 3 
cc. of oxygenated Tyrode’s solution containing one mgm./liter of atropine sulfate. 
Samples from the previously resected right middle lobe, the right lower lobe and 
the left lower lobe were assaj’^ed on the same strip of ilemn using crystalline his- 
tamine as the standard. 

The technic of extraction described above fulfills the Ivnovm requirements for 
the quantitative extraction of histamine from tissue and is simple in e.xecution. 
Seventy per cent acid alcohol not only supplies a medium in which histamine is 
readily soluble but also acts as a bactericidal agent and a protein precipitant. 
Thus the formation of histamine by bacterial action is circumvented and the 
bound cellular histamine is released. Control experiments have showm that 100 
per cent of known amounts of histamine added to tissue can be recovered bj'' this 
procedure. 

RESULTS 

The results of these experiments are presented in two categories; first, the effect 
of excluding the pulmonary arterial flow on the histamine content of the right 
lower lobe as compared with the content in the preoperative (R.M.L.) and post- 
operative (L.L.L.) controls; secondly, the observed effect of pulmonaty artery 
ligation on the structural integi-ity of the lobe. While the latter was not a pri- 
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mary purpose of the experiment, the results are of considerable interest and 
appear worthy of recording. 

The data of table 1 show that with a single exception the long-standing exclu- 
sion of mixed venous (pulmonary artery) blood from a single lobe for a period 
ranging from 15 to 256 days had no appreciable effect on the tissue histamine 
level as determined by the bioassay method. 

TABLE 1. Histajhne levels in pulmonary tissue 
(Micrograms per gram, wet weight) 


DOG NUMBER 



15 

15 

17 

18 

19 

20 

21 

24 

25 

26 

Duration ligation in days. . 

S6 

29 

15 

86 

168 

196 

205 

256 

226 

220 

Right middle lobe (pre- 
operative control) 

60 

55 

S 

77 ; 

24 

35 

12 

17 

17 

13 

Right lower lobe (ligated 
artery) 

66 

49 

j 

11 

66 ^ 

9 

33 

12 

25 

29 

13 

Left lower lobe (postoper- 
ative control) 


30 

12 

66 

11 

33 

12 

20 

41 

14 


TABLE 2. Volume and weight relationships 



DOG NUJkTBZR 

18 

19 

20 

21 

1 24 

25 

26 

Duration (days) 

86 

168 

196 

205 

256 

226 

220 

Volume collapsed (cc.) 








Right lower lobe 

— 

— 

— 

— 

35.5 

44.5 

45 

Left lower lobe 

— 

— 

— 



35.0 

45.0 

47 

Volume expanded (cc.) 








Right lower lobe 

— 

i 

— 

150 

175 

j 

205 

Left lower lobe 

— 

— 

' 

200 

235 

' 

335 

Inflation pressure (cm. H"0) 

— ! 

— 

— 

15 

26 



26 

Weight (grams) 








Right lower lobe 

15.3 

25 

20 

27 

18.3 

35.5 

22.0 

Left lower lobe 

16.4 

20 

20 

28 

17.9 

35.5 

22.3 


Dashes indicate data not collected for individual experiment. 


Table 2 summarizes the comparative weight, collapsed volume and expanded 
volume in certain later experiments, where these observations were collected. 
In the earlier experiments they were not done since interest had not yet centered 
on this phase of the problem. 

In everj'’ instance at autopsy, the right lower lobe with ligated pulmonary ar- 
tery was paler in color, slightly denser in texture and somewhat more resistant to 
inflation. ^ The relative weights and collapsed volumes were, however, within 
expected limits of normal. 

Adhesions between visceral and parietal pleura, and between lobes on the side 
of operation, were variable in e.xtent, nearly absent in some specimens, and dense 
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Fig. 1. Photograph of excised inflated lungs, dog 21. Note relative decrease in 
degree of inflation in right lower lobe and subpleural capillary enlargement adjacent to the 
fissure. 



Fig. 2. A. Photomicrograph: right lower lobe section. H and E stain, 205 days after 
ligation of pulmonarj^ artery to the lobe. Dog 21. 

B. Control section from left lower lobe, same subject. 
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along the scars of the thoracotomy wound in others. Several specimens showed 
significant dilatation of the bronchial arterial branches and of the subpleuial 
vessels (fig. 1), suggesting collateml channels. 

Histologically, the architecture of the lobe deprived of pulmonary arterial cir- 
culation was well preserved (fig. 2a). The capillaries of the alveolar septa were 
reduced in size, and fewer red cells were in evidence, although some were present. 
Connective tissue stains showed a slight increase in fibrous tissue in the inter- 
lobular septa on the side of ligation. 

There was no evidence at autopsy of atelectasis in any lobes, and no instance 
of gangrene. 


DISCUSSION 

The failure of pulmonary histamine levels to be significantly altered by long- 
standing deprivation of pulmonary blood flow renders unlikely the hypothesis 
that the maintenance of high histamine levels in the lung is dependent on a filter- 
ing or clearing function exerted by the lung parenchyma on the venous blood of 
the pulmonary artery. In other words, the ‘storage’ theorj’- is given no support 
by these findings. 

The stability of pulmonary histamine levels after pulmonary artery ligation is 
also in agreement with failure to demonstrate changes in vivo under other circum- 
stances in which acute or chronic injuiy is done the living lung. The present 
authors have previously demonstrated (3) that experimentally induced lobar 
pneumonia in dogs does not alter the histamine levels if account is taken of the 
change in lung weight during consolidation. In some as yet unpublished data 
on the effect of a war gas (phosgene) a similar conclusion was reached. These 
observations support the hypothesis that histamine is firmly bound at some site 
in the lung tissues and is not readily released, short of actual tissue destruction. 

The preservation of a nearly normal architecture and histology for many months 
after interruption of the pulmonary artery supply to a lobe is in agreement with 
the knonm function of the bronchial circulation in the nutrition of the pulmonary 
parenchyma. The persistence of a normal lobar weight and normal collapsed 
lobar volume demonstrates an absence of significant atrophy or atelectasis, while 
the reduction in expanded lobar volume after pulmonary artery ligation (as com- 
pared with the contralateral normal lobe) points to a loss in elasticity. This re- 
sults from an increase in collagen in the interlobular tissues, which has been 
demonstrated by connective tissue stains. 

SUMMARY 

Operative interruption of the pulmonary arterial flow to the right lower lobes 
in ten dogs for periods ranging from two weeks to eight months produced no sig- 
nificant change in the levels of extractable pulmonarj^ tissue histamine, as com- 
paied with preoperative and postoperative controls from the same animals. 
These findings suggest that the high concentration of extractable histamine nor- 
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mally present in the lungs is not the result of a pulmonarj’' filtration, fixation and 
storage mechanism. 

The structural integrity of the lobes deprived of pulmonary arterial blood sup- 
ply has incidentally been studied. The weight and collapsed volume remain 
normal, while the expanded volume is diminished. 
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Pincus and Hoagland (1) and Pincus (2) have reported that a vdde variety 
of stresses such as flying airplanes, the taking of examinations, exposures to 
heat or to cold and factory work result in eidranced output of adrenal cortical 
hormones. In addition, it appeared that one’s fatigaljility, among other things, 
is related to the responsiveness of the adrenal cortex to stress. 

The administration of the nontoxic, sjmthetic steroid A5'pregnenolone to a 
group of pilots resulted in a reduced output of urinaiy 17-ketosteroids per in- 
crement of flight stress (3), and since low increments in excretion under stress 
had been found to correlate with greater resistance to fatigue, we found this of 
special interest. A number of studies were carried out by Pincus and Hoagland 
(3) by using subjects operating a pursuit meter when taking placebos and when 
taking A5-pregnenolone, and in addition, investigations were made of the daily 
piecework production of three groups, comprising a total of 281 factoiy workers 
(4, 5). Significant improvement in performance of fatiguing psychomotor 
tasks was found when the workers were taking 50 to 100 mgm. per day of A5- 
pregnenolone in contrast to placebos. This improvement in fatiguing psycho- 
motor performance only occurred in situations which were really stressful and 
in which the subjects were well motivated. 

The mechanism of the antifatigue action of pregnenolone is of interest. Ad- 
renal steroids with an ox 5 ’’gen in the number 11 position are knoum to be pri- 
marily concerned with gluconeogenesis and in connection with this produce a 
fall in circulating lymphocytes (6). Steroids of the type of desoxycorticosterone 
(lacking an oxygen in the number 11 position) are primarily concerned with the 
regulation of salt and water metabolism (4, 10, 11, 30). A-5-Pregnenolone 
(hereafter referred to as pregnenolone) structuraU}’’ resembles desoxjnortico- 
sterone more than it does other known adrenal steroids, since it also lacks an 
oxygen at its number 11 carbon atom.- We have, moreover, found that its 

’ This work was performed under Contract N6ori-197 of the Office of Naval Research. 
It was also aided by a grant from the Schering Corporation. 

- Selye (see 26 for citations) found pregnenolone to have no depressive action on the 
pituitarj’. Pregnenolone differs from desoxycorticosterone in that its number 21 carbon 
atom is in the form of a methj'l group instead of an alcohol group and it contains an hydroxyl 
group instead of an oxygen atom on the number 3 carbon. It also has a double bond be- 
tween carbons 5 and 6 instead of between carbons 4 and 5, as in the case of desox vcort icos- 
terone. 
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injection, into rats does not alter the circulating Ijnnphocyte count, nor does its 
ingestion in doses of 100 mgm. per day by mouth modify sugar tolerance curves 
in man (unpublished). It thus seemed to us likely that pregnenolone might 
play a role in regulating sodium and potassium in tissues. Since potassium is 
especially important in conduction of nerve impulses and in their synaptic 
transmission, and since steroids of the type of desoxycorticosterone regulate 
potassium metabolism, it was thought that an investigation of the possible 
influence of pregnenolone and of desoxycorticosterone on potassium metabolism, 
especially of brain but also of muscle, Avould be of interest. 

METHODS 

Brain and muscle potassium values have been studied under a variety of 
experimental conditions in 300 male rat's weighing between 100 and 140 grams. 
Groups of matched rats fed on Purina stock diet were compared as follows: 
normal rats vs. adrenalectomized rats, adrenalectomized rats vs. adrenalecto- 
mized rats injectioned with pregnenolone, normal rats vs. those given desoxy- 
corticosterone, normal rats vs. those given pregnenolone, nonnal rats vs. those 
stressed by forced swimming for an hour, stressed swimming rats vs. those simi- 
larly forced to swim after previous pregnenolone injections. In addition, com- 
parisons were made between brain and muscle potassium in rats stressed by 
other means. 

Most of the analyses Avere done with a Perkin-Elmer flame photometer (1, 14,- 
23), although in some of the experiments radioactive potassium, K42, was used 
as a tracer. 

In all but a few indicated experiments in which animals were killed by etheri- 
zation, the rats were rapidly killed by decapitation; control rats alternating in 
all cases with experimental animals in the sequence of killing. Tissues, brain 
and muscle, were removed immediately from alternating control and experi- 
mental animals. The tissues Avere placed on filter paper on crucible covers and 
Aveighed at once in the AA'et state. Thus, in a typical experiment involving 20 
animals, all Avere decapitated in a span of three or four minutes and aU of the 40 
muscle and brain samples Avere excised and Aveighed AAothin an hour. The 
alternation of control and experimental sampling is, of course, important to 
prevent losses of Aveight by evaporation or other changes AAdiich might modify 
results in favor of either the control or of the experimental group. 

The Aveighed tissue, AA^hole. brain or gastrocnemius muscle, Avas ashed at 550°C. 
for one and one half hom-s in a muffle furnace. In tests AAoth 1^42 the ashing 
was done on a crucible cover AA^hich Avas then covered Avith thin tissue paper and 
inverted over the mica AAundoAv of our Geiger-Muller counter. 

In experiments AAuth the flame photometer, the ash Avas taken up in 100 cc. 
of Avater, diluted one part to three, and aliquots of this sample Avere then analyzed 
for their potassium content and compared to frequently checked standard solu- 
tions. In all of the analytical procedures, we alternated control and experi- 
mental samples in making our determinations. 

In experiments AAdth K42, our results have, been expressed as counts per minute 
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per gram of wet tissue and in the flame photometer experiments as mgm. of 
potassium per gram of wet tissue. In the section on “Discussion” our reasons 
for using a wet weight basis will be considered. In the final results, we have 
expressed the percentage change of brain and muscle potassium concentrations 
produced by the various experimental procedures and calculated the statistical 
significance of the differences. 

RESULTS 

Effects of adrenalectomy and of pregnenolone on brain and muscle potassium. 
Data were obtained on 38 male rats. Thirteen of them were used as normal 
controls, and nine additional rmoperated animals were given 0.5 mgm. per day 
of pregnenolone acetate in oil subcutaneously for three days prior to sacrifice. 
Sixteen rats were adrenalectomized four days before sacrifice, and six of these 
were given daily injections of pregnenolone as in the case of the nine unoperated 
animals. The adrenalectomized rats were not compensated with NaCL 

All of the 38 rats were injected intraperitoneally Avith 3' cc. of a solution con- 
taining radioactive potassium (K42)^ 36 hours before sacrifice, a time interval 
adequate for the tracer to become distributed throughout the tissues according 
to data of Noonan, Fenn and Haege (22). The K42 solution contained 114 
milliequivalents of K per liter as KCl at a pH of 7. The half life of K42 is 12.4 
hours and when it was received from the Clinton pile the activity was such that 
a 3.0 cc. injection gave a count 36 hours later of approximately 6000 counts per 
minute per gram of wet tissue. 

The rats were killed by etherization and the whole brain and one gastrocne- 
mius muscle were removed from each animal. The tissue specimens were ashed 
on individual crucible lids and the counts were obtained on each of the individual 
specimens. Table 1 shows the results. 

From the data it may be seen that adrenalectomy increases the concentration 
of muscle potassium by 37.5 per cent over that of normal animals. Harrison 
and Darrow (15) and Buehl and Turner (2) have also found increased muscle 
potassium in rats following adrenalectomy. According to Harrison and Dar- 
row, rats, in contrast to dogs, cats and man, show little or no change in intra- 
cellular-extracellular water distribution in uncompensated adrenal insufficiency. 
We know of no work on the potassium content of brain in adrenalectomized 
animals. Our data show an increase of 24.0 per cent in the concentration of 
brain potassium four days after uncompensated adrenalectomy in contrast to 
an increase of 37.5 per cent in that of muscle. 

In our experiments, it may be seen from table 1 that pregnenolone does not 
affect the potassium concentration of brain or muscle in normal rats but does 
prevent the marked rise in brain and muscle potassium concentration in adrenal- 
ectomized rats. Thus brain potassium concentration increases only 14.0 per 
cent (instead of 24.0 per cent) and muscle potassium 25.5 per cent (instead of 
37.5 per cent) in adrenalectomized rats protected by pregnenolone. All of these 
differences are statistically significant. 


=■ The K42 was obtained from the Clinton pile through the Atomic Energy Commission. 
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Effects of desoxycorlicosterone acetate (DCA) {Schering) on brain and muscle 
potassium and sodium. While pregnenolone does not affect the potassium con- 
centration of brain and muscle of nonnal unstressed rats, desoxycorticosterone 
acetate (DC A) injected in the same amount and under the same conditions 
results in a small but significant lowering of muscle potassium concentration, 
although it has no significant effect on brain potassium. DCA is the adrenal 
steroid primarily effective in the control of sodium and potassium metabolism 
(4, 10; see Goodman and Gilman (11), Thayer (30) for reviews). 


TABLE 1. Counts per minute per gram wet weight tissue 



1 

2 

3 

4 

Comparing 

columns 

2 to 1 

Comparing 

columns 

4 to 3 

Comparing 

columns 

3 to 1 

Normal i 
control 

Normal con- 
trol pregnen- 
olone in- 
jected 

Adrenalec- 
tomized rats 

Adrenalec- 
tomized preg- 
nenolone in- 
jected 

Brain 





-2% 

P not 
signif. 

-10% 

P<0.01 

+24% 

P<0.01 

Muscle 

5943 1 
±143 

! 6123 

±10S 

8172 

±244 

7198 

±381 

-1-3% 

P not 
signif. 

-12% 

P<0.01 

+37.5% 

P<0.01 


TABLE 2. Mgm. potassium and sodium per gram avet weight tissue 



9 NORMAL RATS 

9 DCA-INJECTED RATS 

% CHANGE IN- 
JECTED VS. CON- 
TROLS 

% CHANGE IN- 
JECTED V^. CON- 
TROLS 


K 

Na 

1 

1 K 

Na 

K 

Na 

Brain 

3.138 

1.156 

3.108 

t 

1 

1.138 

1.0% loss 
P not signif. 

1.5% loss 

1 P not signif. 

i 

Muscle 

3.164 

1.002 

2.967 

1.045 

6.2% loss 

4.0% gain 


±0.06 

±0.01 

+0.05 

±0.025 

P = 0.02 

Pnot signif. 


Nine rats ivere injected with DCA in oil (0.5 mgm. per day for five days) 
prior to sacrifice, and nine paired rats were kept as controls. The animals were 
killed by decapitation and the brain and one gastrocnemius muscle from each rat 
were analyzed for potassium and sodium vdth the flame photometer. Table 
2 shows the results. 

The only significant effect is a decline in potassium concentration in muscle 
of 6.2 per cent. The 4.0 per cent gain in muscle sodium is not statistically 
significant. Miller and Darrow (4, 21) have also repoided a loss of potassium 
from muscles of normal rats given DCA. 

We have not examined the effect of DCA on brain and muscle potassium of 
adrenalectomized rats. BTaTrison and Darrow (15) have shown that adrenal 
cortical extract reduces the high muscle potassium of adrenalectomized rats to 
normal, presumably Ada its DCA-like components. 
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Stress of prolonged swimming in relation to hrain and muscle potassium and the 
effect of pregnenolone on tissue potassiiim. From the data of table 1, it is clear 
that pregnenolone in the small amounts we used lessens the excessive accumula- 
tion of potassium in both brain and muscle resulting from adrenalectomy. In 
tills way it acts like adrenal cortical extract which regulates electrolyte balance 
by way of its desoxycorticosterone-like content. 

Because of our studies of psychomotor fatigue in man in relation to pregneno- 
lone, we were particularly interested in effects of fatiguing stresses on brain and 
muscle potassium and possible influences of pregnenolone on tissue potassium 
in relation to stress. Was it possible that fatiguing stresses might modify tissue 
potassium and that pregnenolone would prevent such changes? 

Miller and Darrow (21) stressed rats by forced swdmming for periods ranging 
up to an hour. They found no loss of potassium from muscle as a result of the 
exercise, although it has been well established that isolated muscle stimulated 
to contract through its nerve loses potassium. (See Fenn (9) and Darrow (5) 
for reviews.) 

We have stressed rats by forced swimming at 28°C. for an hour. In each 
experiment all rats, both of the experimental and control groups, were killed 
immediately after the swim by decapitation, and brain and muscle potassium 
were determined by the flame photometer. The variability of tissue potassium 
was found to be so great that it was necessary to use considerablj'^ larger numbers 
of animals than had been used by Miller and Darrow before statistically signi- 
ficant differences were obtained. As may be seen from table 3, there is a small 
but significant decrease in the concentration of potassium in both brain and 
muscle of the swim-stressed rats compared to the controls, i.e., 4.4 per cent 
decrease in brain and 6.1 per cent decrease in muscle. 

A comparison of data from tables 2 and 3 show different values of potassium 
in the two groups of normal control rats. In each experiment we have used 
control rats to match against our experimental groups, since over the months 
occupied by the work we have found from time to time occasional differences 
in mean potassium analyses of tissues in different groups of rats. When the 
data of table 2 were obtained, our rat colony was suffering from a mild form of 
infectious diarrhea with some loss of appetite, and we think it likely that potas- 
sium loss in the stool may account for the low values of the experimental and 
control groups of table 2, in contrast to the higher values later obtained as shovTi 
in tables 3 and 4. Our interest throughout has been in the comparative values 
of potassium in relation to matched groups of rats and we have not attempted to 
do potassium balances. The data of tables 3 and 4 show better representative 
values of tj^pical potassium levels than do those of table 2, but the comparison 
of relative potassium values of control and experimental animals we believe to be 
equally valid for the data of each table. 

The effects of pregnenolone on potassium changes resulting from the stress of 
swimming is also showm in table 3. In these experiments a group of rats ivere 
injected with 0.5 mgm. of pregnenolone per day for four days prior to the swim. 
These rats, together Ailth an uninjected matched control group, w^ere all rapidly 
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TABLE 3. Mgms. potassium/gram wet weight tissue 



1 

2 

3 




i 

Normal 1 
control 

Swim stress 

Swin stress 
pregneno- 
lone-in- 
jected 

Comparing 
column 2 to 1 

Comparing 
column 3 to 2 


Brain 

3.530 

±.026 

1 

1 

3.376 

±.036 


-4.36% 
P < 0.01 


54 swim stress vs. 65 
normals. Combi- 
nation of 6 e.vperi- 
ments. 


1 

1 

1 

1 

3.236 

±0.05 

3.336 

±0.05 

1 

1 

1 

+3% 

P = 0.1-0. 2 

36 swim stress vs. 
23 swim preg- 
nenolone-injected. 
Combination of 2 
' e.vperiments. 

Muscle 

3.356 

±.047 

3.15 

±.05 


-6.14% 
P < 0.01 


32 normals vs. 29 
swim stress. Com- 
bination of 5 ex- 
periments. 



3.198 

±0.067 

3.349 

±0.072 


4.7% 

P = 0. 1-0.2 

26 swim stress vs. 21 
swim stress preg- 
nenolone-injected. 
Combination of 
two experiments. 


TABLE 4. Mgms. potassium/gham wet weight tissue 



1 

2 




DCA-injected 

DCA-injected swim 
stress 

Comparing 
columns 2 to 1 


Brain 

3.471 1 

±0.04 

1 

3.579 i 

±0.03 1 

+3.1% 

P = 0.1-0.05 

1 experiment. 

10 DCA-injected ani- 
mals (0.5 mgm/day for 
5 days) 
vs. 

Muscle 

1 

1 

3.672 

±0.04 

3.396 

±0.06 

-7.5% 

P < 0.01 

10 DCA-injected ani- 
mals (0.5 mgm/day for 

5 days) swim stressed. 

Mgms. sodium/ gram wet weight tissue 

Brain 

1.176 

1.182 

+0.5% 

P not signif. 


Muscle 

0.776 

±0.016 

0.845 

±0.02 

+9% 

P = 0.02-0.05 
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decapitated at the end of the swim of the experimental group, and the brain 
and muscle potassium values were individually determined with the flame photo- 
meter. 

Pregnenolone-injected rats that were forced to swim have a 3.0 per cent higher 
potassium concentration in their brains and 4.7% higher potassium concentration 
in their muscles than have rats forced to swim but not previously injected with 
pregnenolone. These differences are in the right direction if pregnenolone 
prevents loss of potassium due to the stress. However, the results are not 
statistically significant. The P value of 0.1 to 0.2 indicates that there is a ten 
to 20 per cent likelihood that the differences are due to chance. 

Sodium values were also obtained in the experiments involving swimming, 
but they were highly variable. No significant differences were observed in the 
sodium content of the brains of rats forced to swim as compared to unstressed 
controls, but a significant 23 per cent increase in the concentrations of muscle 
sodium (P ± 0.01) was found in rats forced to swim corresponding to a decline 
of 6.1% of potassium concentration in this group. 

If the decline in concentration of potassium in brain and muscle is important 
in the development of fatigue, and if pregnenolone tends to prevent this decline, 
it should follow that pregnenolone-injected rats would be able to swim longer 
than controls. 

The time that a rat can swim before exhaustion is dependent upon the temper- 
ature of the water. While most rats are not exhausted after an hour’s sudm at 
35°C., few rats fail to drovm in half an hour in water at 15°C. 

Eighteen rats were forced to swim in a bath at 22°C. Nine of them had pre- 
viously been injected for five days with 0.5 mgm. per day of pregnenolone in 
oil. The nine control rats were given placebo injections of oil primarily so as 
to be comparable in buoyancy to the pregnenolone group. The period from the 
start of the sudm to drowning was measured. The average length of swim of 
the pregnenolone group was 56 minutes, and that of the control group 41 minutes, 
but the variability was so great (from 14 minutes to 180 minutes) that this result 
is not statistically significant. We estimated that at least several hundred rats 
would require drovming adequately to answer this question and our colony 
could not at the time afford this attrition rate. 

Effect of DC A on potassium metaholism under conditions of swim-stress. From 
the data of table 2, it may be seen that normal unstressed rats injected udth 
DCA show a reduction of 6.2 per cent in the concentration of muscle potassium. 

Table 4 indicates that DCA injected into rats at a rate of 0.5 mgm. per da 3 ’- 
for four days prior to forced summing produces a drop in the concentration of 
muscle potassium following the swum below the levels found in uninjected swim- 
stressed rats. There appears to be no compensatory effect of the hormone in 
overcoming the decline in potassium concentration from muscle due to stress as 
is suggested from the results with pregnenolone. Accompan 3 dng the decline in 
potassium concentration is a significant (9 per cent) rise in the concentration of 
muscle sodium. 
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Animals previously injected with DCA and forced to swim, however, appear 
to show less of a decline of brain potassium concentration (by 3.1 per cent) than 
uninjected swim-stressed rats, and this difference is just barely significant. No 
difference in brain sodium is seen in the two groups. Pregnenolone and DCA 
thus both appear to act to prevent the lowering of potassium concentration in 
brains of stressed animals. Pregnenolone also prevents decrease in concentra- 
tion in potassium from muscle, while DCA accentuates the decrease. But these 
effects are small and some of them may be due to chance. Figure 1 summarizes 
the data of the four tables. 


BRAIN K 4/ 

NORMALS 

NORMALS + DCA 

NORMALS -4- PREG 

ADR X 

ADR X -h PrSG 

SWIM STRESS I 

SWIM STRESS -t- PREG 

SWIM STRESS -4- DCA 


MUSCLE K 

NORMALS 

NORMALS + DCA 1 

NORMALS -^PReG 

ADR X 

ADR X + PREG 

SWIM STRESS f 

SWIM STRESS -t- PREG | 

SWIM STRESS + DCA | 


1 I I 1 1 J I i ^ 

0 20 40 60 80 100 120 140 



P VALUES OF 
THE DIFFERENCES 


P < 0.01 
P < 0.01 
P < 0,01 
P = 0,1 to 0,2 
P = 0.05 »o O.f 


P = 0.02 

P < 0.01 
P < 0.01 
P < 0.01 
p = 0.1 to 0.2 
P < 0.01 


PER CENT 

Fig. 1. Summary OF THE dAta OF THE FOUR TABLES. Per cent change (wet weight basis) 
of potassium concentration in brain and muscle under various experimental conditions. 


Other stresses. Work from our laboratory (7) has demonstrated that exposures 
of rats to cold and also to the stress of tying them to a grid markedly excites 
the adrenal cortex as indicated by pronounced Ijonphocjdopenia. This b'^mpho- 
cjdopenia is absent in comparably stressed adrenalectomized rats. Dougherty 
and ^\Tiite (6) have demonstrated that lymphocjdopenia occurs when adrenal 
cortical extract or adrenocorticotrophin is injected into normal rats, and- that 
adrenocorticotrophin fails to produce lymphocytopenia in adrenalectomized 
rats. More specificallj’', they have showTi that the drop in lymphocytes results 
from the action on bmiphoid tissue of 11-oxygenated, ‘sugar’ steroid hormones 
from the adrenal cortex. 

In view of the excitation of the adrenal cortex by cold sti'ess and grid stress, 
we felt it would be interesting to examine brain and muscle potassium and sodium 
in relation to these stresses. Twenty rats were exposed in a cold room to a 



brain and muscle potassium in stress 


431 


temperature of 2°C. for four hours, immediately decapitated and their brains 
and muscles analyzed for potassium and sodium with the flame photometer. 
Twenty paired rats, kept at room temperature, were used as controls. No 
significant differences were found in brain or muscle potassium and sodium be- 
tween the experimental and control groups. 

Ten rats were tied to a wire grid for two hours at room tempei’ature and then 
brain and muscle sodium. and potassium values were compared to those of the 
unstressed control rats. We found no differences in brain or muscle sodium or 
potassium between the two gi-oups. 

Our failure to find changes in the concentration of tissue potassium with cold 
and grid stresses in contrast to our findings with the stress of swimming suggests 
that a possibly different type of excretion of adrenal cortical hormones may be 
involved in the two cases. This is borne out by our observations (to be pub- 
lished elsewhere) that the stress of swimming produces marked lymphocytosis 
in contrast to the equally marked lymphocytopenia resulting from’ cold or tying 
to a grid. It is possible that different pituitary corticotropins may be involved 
in the release of different steroid hormones from the adrenal cortex in the case 
of the different stresses. 


discussion 

Zwemer and Truszkowski (31) have emphasized the similarity of symptoms, 
including fatigue symptoms, between adrenal insufficiency resulting in potas- 
sium retention and the ssmiptoms of potassium poisoning. From our experi- 
ments there is a reduction of brain and muscle potassium concentration ivith 
prolonged activity. Pregnenolone in small doses appears to have a compensa- 
tory action on both increased potassium concentration in adrenal insufficiency 
and decreased potassium concentration due to stress. 

This homeostatic action of pregnenolone on potassium, particularly in relation 
to the brain, is suggestive in connection with the action of pregnenolone in en- 
hancing the efficiency of prolonged psychomotor behavior in man. 

We have expressed our potassium analyses on a wet weight basis, despite 
well established demonstrations by others (5) of changes in water content of 
muscle with activity. The analji-sis of some 600 tissue samples has been facili- 
tated by elimination of the operation of drying the tissue, but in addition we have 
felt that the concenimiion of potassium per gram of tissue, despite its water 
content, is of as much, if not more, physiological interest than is the amount of 
potassium per unit weight of solids. Potassium greatly modifies excitability 
of tissues including nerve, and depending upon concentration gi'adients, it can 
either enhance or inliibit excitability (see Perm (9) for review). Entrance or 
loss of water modifies potassium concentration as does the loss or entrance of 
potassium itself. 

Penn (9) has reviewed evidence indicating that nerve together with many other 
e.xcitable tissues loses potassium during activity, and he has reviewed the demon- 
strated relationship between the metabolism of potassium and that of acetyl- 
choline in neive conduction and sjuiaptic transmission. Potassium is higlilj’^ 
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mobile in protoplasm and nerve cells, like most other cells, contain a high inside 
concentration of potassium amounting to 10 or 40 times that in the surrounding 
fluids. Hoagland (17) has demonstrated that the excitability to mechanical 
stimuli of single nerve endings in the frog skin is determined by the ratio of 
concentration of potassium inside the fiber to that outside. This ratio of po- 
tassium inside to potassium outside (Kj/Ko) appears to result in major part 
from the intracellular formation of H+ produced by the metabolic formation of 
acid substances, especially CO 2 and the exchanges of H+ for K+ (See Grundfest 
(13) for review). 

Curtis and Cole (3), following leads from Osterhout’s (24) work vdth ‘impaled’ 
Valonia plant cells, succeeded in pushing a microelectrode into the axoplasm 
along the axis of a giant nerve fiber of the squid, so that the tip was just opposite 
the outside electrode. The membrane potential then measui’ed was 50 mV. 
Upon raising the outside concentration 18-fold (making Ki/ICo zero), the po- 
tential was reduced to zero, and upon raising it 40-fold, the potential was re- 
versed 15 mV. Similar results have been obtained by Graham, Carlson and 
Gerard (12) for single frog muscle fibers. 

Since the electrical properties of the cell depend upon this ratio rather than 
upon the absolute potassium content, and since Kj/ICo can be modified by move- 
ment of either water or potassium, we have expressed our results on a wet weight 
percentage basis rather than on a dry weight basis. There seems to us to be 
little choice between expressing potassium values on a fat-free dry weight basis 
or on a wet weight basis. Ki/Ko is lowered if potassium is lost' from the cell. 
It is also lowered if water enters and lessens the internal concentration. Since 
little is known about the distribution of intracellular, extracellular and bound 
water in muscle under different experimental conditions, and since nothing is 
known about this distribution in brain, we believe that the Avet AA'^eight concen- 
trations of potassium are as meaningful as a first approximation as are concen- 
trations expressed on a dry Aveight basis. It folloAA’s, of course, that neither 
is necessarily meaningful. 

Recently Hodgkin (18) found that small changes in external potassium con- 
centration caused large and rapidly reversible changes in the conductance of 
crab nerve membranes. Hodgkin and Huxley (19) have calculated that 1.7 X 
10~'^ moles of potassimn leak through one square cm. of crab nerve membrane 
per impulse and that 3 X 10"^® mol. cm."^ sec.“^ are reabsorbed when the e.x- 
ternal concentration of potassium is three times its normal value. 

Potassium in nerve, because of its high mobility and consequent internal 
accumulation, is important in determining nerve excitability and in the conduc- 
tion and transmission of nerve impulses. The fact that other cations, notably 
rubidum, not present in body fluids in appreciable amounts, affect the electrical 
behavior of nerve in a Avay similar to that of potassium (20) does not militate, 
in our opinion, against this vieAv. Homeostasis in the concentration of brain 
potassium Avould thus be expected to be associated AAuth optimal brain function- 
ing, and it is not unreasonable to expect modification of the conduction of im- 
pulses in the central nerAmus system if brain potassium concentration is either 
elevated or depressed. 
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Heppel (16) studied changes in water, chloride and potassium content of rat 
gastrocnemius muscles when made to contract by electrical stimulation of the 
sciatic nerve. He confirmed previous work of Fenn and co-workers (9) on 
muscles of rats and other animals, indicating that stimulation of muscles results 
in a loss of potassium in exchange for sodium and a gain in NaCl and water. 
Heppel found that the loss of potassium on stimulation is greater the greater 
the duration of contraction up to 30 minutes, with a decline in rate of loss after 
this time. The changes in water and chloride were maximal after five minutes 
of stimulation and much reduced at the end of an hour. AVhUe the water varia- 
tions parallel those of chloride, potassium loss was not correlated with the water 
changes. The feeding of diets low in potassium had little or no effect on the 
potassium changes during stimulation. 

Fenn (8) earlier had studied the effect of voluntary contraction of muscles 
in nine rats forced to swim to exhaustion. He cut one sciatic nerve in each ani- 
mal and compared the potassium and water content of the active and inactive 
leg muscles. He summarized his results as follows: 

“Rats with one sciatic nerve cut were exercised by swimming. The muscles sampled 
immediately afterwards and analyzed showed that voluntary contractions produced an 
increase of water content and a decrease of potassium (on a dry weight basis) . In general 
the muscles of rats which swam the longest and were least quickly fatigued lost the most 
potassium but gained the least water. Muscles sampled a few days after denervation 
showed a slight gain in potassium, presumably because of the lack of activity.” 

Miller and Harrow (21) were unable to find any loss of potassium from rat 
muscles (drj' weight basis) after the voluntary exercise of forced swimming, 
although an elevated serum potassium was found after the exercise. In one 
group of experiments they lowered the potassium content of muscle potassium 
in rats by feeding them on a potassium-free diet, and in another group they raised 
the potassium content by injecting the animals with potassium chloride. Within 
wide limits they found that potassium in muscle cells does not limit the capacity 
of rats to swim continuously for 60 minutes. They criticized Fenn’s findings 
on the grounds that his reported post-swim loss of potassium from active muscles 
was not statistically significant. 

Miller and Harrow (21) found that the injection of two to 4 mgm. per day of 
HCA for nine to ten days in eight rats gave an average muscle potassium content 
of 40.5 mM potassium per 100 gram fat-free solid, which contrasted with a 
mean value of 48.8 in a group of 13 uninjected rats. The difference of 8.3 mM 
of potassium corresponds to a loss of 17.0 per cent in muscle potassium in the 
HCA-injected group, and this may be compared to the 6.2 per cent loss of po- 
tassium w^e found on a w'et weight basis after injecting 0.5 mgm. per day of HCA 
for five days (table 2). 

hliller and Harrow (21), however, report that the stress of swimming raises 
the level of potassium in muscles of HCA-injected rats, and this appears to be 
Mntrary to our results since wb found an apparent loss of muscle potassium in 
HCA-injected rats that w'ere forced to sivim. In the case of brain, how^ever, 
HCA tends to restore to a normal level the decrease in concentration of brain 
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potassium resulting from forced swimming (table 4), and pregnenolone appears 
to do this also for muscle as well as for brain (table 3). 

Our results show that both brain and muscle display a significantly decreased 
concentration of potassium after forced swimming, and thus we are in agree- 
ment with Fenn’s finding regarding changes in muscle potassium ^vith volun- 
tary exercise. Our findings appear to be in disagreement with the results of 
h'liller and Darrow in this regard, although it was necessary to use many more 
animals than other investigators had used to demonstrate the change in potas- 
sium concentration with statistical validity. Since we have expressed results 
on a wet weight basis, it is possible the apparent potassium loss we note with 
exercise in muscle is due to a gain in water. For reasons discussed above we 
believe that potassium concentration changes, wdrether they be due to gain or 
loss of either water or potassium, is of primaiy physiological interest. 

SUMMARY 

1. Studies of the concentration of brain and muscle potassium of 300 rats 
were made under a variety of experimental conditions. 

2. Small (0.5 mgm. per day) doses of deso.xycorticosterone or of ^5-pregneno- 
lone did not affect brain potassium in normal rats; desoxycortiposterone, but 
not A5-pregnenolone, reduced the concentration of muscle potassium by 6.2 
per cent. 

3. Uncompensated adrenalectomy increased the concentration of brain 
potassium by 24.0 per cent and of muscle potassium by 37.5 per cent. 

4. A5-Pregnenolone (0.5 mgm. per day) lessened the increase in concentration 
of brain potassium in adrenalectomized rats bj’' 30.0 per cent and of muscle 
potassium concentration by 12.0 per cent. 

5. The stress of prolonged swimming reduced the concentration of brain 
potassium by 4.4 per cent and that of muscle by 6.1 per cent. These, together 
with the foregoing results, were all statistically significant (P < 0.01). 

6. There was a suggestion that doses of 0.5 mgm. per day of both A5-pregneno- 
lone and desoxycorticosterone tended to prevent the loss of brain potassium due 
to prolonged swimming, although the results were not statistically significant. 
(P approximately 0.1.) 

7. A5-pregnenolone also tended to prevent the decrease of potassium concen- 
tration in muscles of animals forced to swim, but the P value was not significant 
(0.1 to 0.2). 

8. Desoxycorticosterone significantly augmented the decrease of concentra- 
tion of muscle potassium in swim-stressed rats. 

9. The results are discussed in relation to effects of potassium on tissue ex- 
citability and to the antifatigue action of pregnenolone. 
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The analysis of the neural control of skeletal muscle as it acts on diarthrodial 
joints has been carried to a very high degree by Sherrington and many subsequent 
workers, but surprisingly little attention has been paid to the innervation of joints 
themselves, either from an anatomical or physiological standpoint. This is par- 
ticularly astonishing in view of the incidence of crippling joint disorders in which 
nerves must be implicated since severe pain is a common symptom. Yet it is not 
Imorni just where such pain arises. Raszeja and Billewicz-Stankiewicz (10) de- 
scribed areas on the medial and lateral sides of the rabbit Icnee joint, the stimula- 
tion of which, vdth a faradic current of trvo seconds’ duration, was followed by 
responses which indicated that the stimulus was painful. Leriche (9) on the 
other hand stated that an anesthetic injected into the cavity of a painful joint had 
no effect on the pain, but when it was injected into the external part of the capsule 
and around the joint, the pain was relieved. Our IcnoAvledge of the transmission 
of pain from joints is no more precise than indicated in these two reports. 

Position sense is a useful test in neurological examinations and undoubtedly 
an important quality in postural and locomotor mechanisms. It seems highly 
probable that stimulation of joint receptors is one of the necessary components. 
This was borne out by Stopf ord (12) in his studies of peripheral nerve lesions. He 
pointed out that the so-called cutaneous nerves of the fingers give branches to the 
interphalangeal joints. YTien these nerves are destroyed the patient can still 
detect joint movements passively induced by the examiner, but his localization 
of direction, degree and site of movement is greatly impaired. Stopf ord felt that 
recognition of movement as such could result from changes in tension of tendons, 
the nerves to which were still intact. Presumably, then, joint endings are stimu- 
lated during movement. Barnes (2) recorded potentials from sensory nerves of 
crustacean limbs while the joints of such limbs were being bent. In a search of 
the literature, however, no reports of similar studies in vertebrates were found. 

There is considerable clinical evidence that the central pathway for position 
sense is by way of the dorsal funiculus, medial lemniscus and internal capsule, but 
there have been no experimental studies of any of the possible central connections 
of these receptors, aside from some studies by Adrian on cerebellar action poten- 
tials (l). He recorded potentials during various types of peripheral stimuli, 
among which were joint movements. 

1 The initial phases of this work were presented at the Annual Meeting of the American 
Association of Anatomists at Montreal, April 1947. 

- Aided by a grant from the Division of Research Grants and Fellowships, National 
Institute of Health, U. S. Public Health Service. 
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■ There are only scattered reports relative to reflexes in which these nerves and 
their terminals may partake. Harrison et al. (7) and Comroe and Schmidt (4) 
in their studies of respiratory mechanisms concluded that impulses from joint 
receptors initiated reflex increases in respiration. There have been no studies of 
possible reflex effects on skeletal muscle. 

Our lack of knowledge is further emphasized by the fact. that, so far as human 
joints are concerned, no one has determined exactly what kinds of nerve endings 
are present. The evidence that Pacinian corpuscles are found in joint capsules 
is quite unsatisfactory (5). 

There are other points which could be made but these are enough to indicate 
how little attention has been paid to the functions of normal joints. 

Distribution of nerves to the knee joint An experimental approach to these 
problems depends upon a rather exact knowledge of the anatomy of joint nerves. 
Because of this it was felt that studies of the cat would be most satisfactory since 
it has been shoum that the nerves to the knee joint of this animal are distributed 
in a definite pattern and terminate in various types of receptors in the joint cap- 
sule (5). The joint is supplied mainly by the femoral and tibial nerves, and to a 
lesser extent by the obturator. Two branches to the joint are larger and more 
constant than any others. One arises from the tibial nerve and, because of its 
position relative to the knee joint, is designated the posterior nerve. The average 
nerve contains approximately 170 myelinated fibers which range from two to 16 
microns in diameter. The majority are either in a two to five or seven to 10 
micron group, the latter containing the greater number of fibers. In addition, 
there are about 115 nonmyelinated fibers. 

The other major branch to the joint is designated the medial nerve. It usu- 
■ ally arises from the saphenous branch of the femoral nerve, but occasionally from 
the obturator, or from both. The average nerve contains approximately 145 
myelinated fibers which range from two to 16 microns in diameter. Like the 
posterior nerve, most of the fibers are either in a two to five or seven to 10 micron 
gi’oup, but in this nerve the two to five micron group contains the greater number 
of fibers. In addition, there are about 120 nonmyelinated fibers. 


METHODS 


There were several questions, the answering of which constituted the initial 
studies of these nerves and their endings. What are the conduction rates of these 
articular fibers and do they correspond with measured diameters? Are the fibers 
efferent or afferent, and if the latter, in which dorsal roots do they enter the spinal 
cord? 'Wliat are the effective stimuli for the receptors which many of these 
fibers form? 


Adult cats were anesthetized with sodium pentobarbital given intraperitone- 
afly. In approaching the posterior nerve the gastrocnemius muscle was split and 
the tibial nerve exposed. This was traced towards the popliteal fossa, at the 
tower part of which there are several branches distributed mainly to the neighbor- 
ing muscles. The fu-st of these branches is usually the posterior nerve. It 
descends in the sheath of the tibial nerve for a short distance and then leaves it, 
running a recurrent course towards the back of the joint capsule, crossing the 
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popliteal vessels as it does so. Its subsequent distribution has already been 
described in detail (5). The nerve was carefully cleaned of surrounding connec- 
tive tissue, using glass hooks and probes for most of the dissection. In all cases 
the tibial neiwe was sectioned distal to the origin of this branch so as to facilitate 
manipulation. 

■ The medial nerve was approached by making an incision in the sartorius muscle 
in a line parallel to the more deeply placed vastus medialis, along which the neive 
descends. The dissection was more difficult since the nerve is smaller than the 
posterior nerve, often courses as two fascicles and is always closely associated 
with or actually in the adventitia of the accompanying vessels. Because of these 
factors, in several dissections the nerves did not survive. 

Types of experiment. The following experiments were carried out. 

1. Dorsal roots were cut at their entrance into the spinal cord. Potentials 
were recorded from articular nerves as various roots were stimulated (fig. lA). 
At first, several attempts were made to record from dorsal roots as articular 
nerves were stimulated, but it was found that the large number of fibers derived 
from areas other than the knee joint shunted out the desired potentials to a large 
extent. The antidromic method proved much more satisfactory on this account. 
Furthermore, the absence of a marked connective tissue sheath helped reduce 
shock artifact. 

2. The sciatic and femoral nerves were ligated, cut centrally and all branches 
severed except the articular nerves. They were then stimulated and muscle con- 
tractions in the neighborhood of the joint closely watched for. Next the articu- 
lar nerves were severed from the capsule, placed on electrodes and potentials re- 
corded during stimulation of the parent trunks (fig. IB). In this v’ay articular 
fibers were activated and the recorded potentials could be compared with those 
obtained by stimulation of some of the same fibers in a particular dorsal root. 

3. The articular nerves were severed from the parent trunks and placed on elec- 
trodes. Since they were still attached to the joint capsule, the method allowed 
the recording of any potentials originating from the stimulation of joint receptors. 

The animals were kept warm but no special precautions were taken in regard 
to temperature control. The conduction distances were long and most of either 
the sciatic or femoral nerves were untouched and therefore at body temperature 
in those experiments in which conduction rates were measured. Exposed nerves 
were constantly kept moist with warm Ringer’s solution. Under such conditions 
recordings were carried out over many hours without appreciable changes being 
observed. 

The stimulating electrodes were silver wires, and a silver wire was also used to 
ground the nerves between stimulating and recording electrodes. The latter 
w^ere glass tubes filled with Ringer’s solution from which woolen wicks protruded 
and- into which dipped chlorided silver wires. The nerves were slung on glass 
hooks and contact made with the moist -ndeks of the electrodes. In the earlier 
experiments, the stimulus was a condenser discharge, the duration of which was 
approximately one tenth of a millisecond. Later a thyratron control was substi- 
tuted for the mechanical switching and this allowed considerable variation in both 
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frequency and duration of stimulus. In both cases the stimulus was applied 
through a shielded transformer which helped reduce shock artifact. The artifact 
was very marked in several cases, the cause being either a poor contact at the 
ground electrode or an accidental grounding of some othpr part of the animal, 



Fig. 1. A, Diagram of the method used in determining conduction rates and 
dorsal root inflow. The main trunk represented is the sciatic, but the method was the same 
for the femoral nerve. B, Diagram showing how stimulation of the main trunk activates 
all the myelinated fibers from the articular nerve. 

thus giving a double ground. Sixty-cycle interference often appeared in the 
latter situation. Both pickup electrodes rvere above ground, being connected to 
the input grids of a push-pull amplifier. The input was differentiallj’- arranged, 
with a high resistance common to both cathodes. The amplifier rvas resistance- 
capacity coupled with a time constant of about one and one-half seconds. Its 
high frequency response fell off sharply above 1000 cycles. The output was fed 
into a cathode raj"- oscillograph, the sweep of which was tripped by the stimulus. 
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RESULTS 

Action potentials were successfully recorded in 19 of 24 cats. In 12 of these 19 
the posterior neiu^e was studied and, in seven of these, photographic records were 
made. The medial nerve was studied in the remaining seven of the 19 cats and, 
in five of these, photographic records were made. 



iHTHfflfnnnniiiiMMii • 


Fig. 2. Potentials recorded from the posterior nerve during stimulation of the 
7th lumbar dorsal root by the method of figure lA. A-G. Responses at increasing strengths 
of stimulation, with development of characteristic major deflections. Note that the fast 
initial component does not have the lowest threshold. It is first seen in R at stimulus 
strength higher than that which elicited the response in A. H. Time in milliseconds. 


Posterior nerve. Potentials were consistently recorded from the posterior nerve 
on stimulation of the 6th and 7th lumbar dorsal roots, and, in two cases, of the 1st 
sacral dorsal root as well. The conduction distances ranged from 16.5 to 18 5 
centimeters. Consequently, the temporal dispersion was so great that the form 
of the potentials was often complex. At least two major deflections were usually 
recorded (fig. 2) . In the first there was frequently a small initial component con- 
ducting at about 70 to 90 meters a second, but most of the elevation represented 
fibers conducting at approximately 40 to 60 meters a second. The second major 
deflection represented fibers conducting at rates of approximat ely 20 to 40 meters 
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a second. Following this were minor deflections of variable form and amplitude 
(figs. 2G and 3A), the slowest of which conducted at about ten meters a second. 

The recorded potential was much larger when the sciatic was stimulated, since 
many more articular fibers were activated (fig. IB). The conduction distance 
was shorter, so that the major deflections were combined into one, and the more 
slowly conducting fibers were represented by a somewhat complex and smaller 
terminal deflection (fig. 3B). When the articular nerve was left attached to the 



Fig. 3. A. Potentials recorded from the posterior nerve during stimulation 
of 6th lumbar dorsal root. Contrast the number of slower waves with the single one in 
figure 2G. Some, however, may well be repetitive discharges from faster fibers as a result 
of relatively high stimulus strength. B. Potentials recorded from the posterior nerve 
during stimulation of the sciatic nerve by the method of figure IB. As a result of the shorter 
conduction distance there is but a single major deflection. C-D. Potentials recorded from 
the medial nerve during stimulation of the 6th and 5th lumbar dorsal roots, respectively, 
showing the major deflections. Amplification approximately the same as for figure 2, 
B. Potentials recorded from the medial nerve during stimulation of the saphenous nerve 
showing but a single major deflection. Amplification approximately the same as for figure 
3B, Time in milliseconds. 

joint capsule during stimulation of the sciatic, muscular contractions were never 
seen, providing all other branches of the sciatic had been cut. 

Medial nerve. In the case of the medial nerve, potentials were consistently 
recorded during stimulation of the 5th lumbar dorsal root, and, in three cases, of 
the 6th lumbar root as well. (In one case the femoral nerve was derived entirely 
from the 5th lumbar spinal nerve.) As in the case of the posterior nerve, the con- 
duction distances were long, ranging from 14 to 19 centimeters. Again the tem- 
poral dispersion was great and the form of the potentials often complex. As a 
nile there were at least two, and sometimes three, major deflections (fig. 3C and 
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D). In all cases most of the first deflection represented fibers conducting at 30 
to 60 meters a second, while in two cases there was a small initial component at 
70 to 80 meters a second. The second major elevation was usually as large or 
larger than the first, and represented fibers conducting at rates of 20 to 30 meters 
a second. Succeeding this were either a single major deflection, or else variable 
smaller ones, the slowest of which conducted at nine or ten meters a second. 

I\flien the medial nerve was intact and the saphenous stimulated, no muscle 
contractions were ever seen, providing all other branches were cut (the branch of 
the femoral nerve to the pectineus may arise in conjunction with or directly from 
the saphenous). When the medial nerve was placed on electrodes and the 
saphenous stimulated, many more ai’ticular fibers were activated. Again, the 
potentials were larger, and, because the conduction distances were shorter, the 
major deflections were combined into one (fig. 3E). In one instance no potential 
was recorded during an experiment of this type, even though it had been success- 
ful during dorsal root stimulation. It Avas found that the medial nerve crossed 
over the saphenous and then pierced the adductor longus muscle and joined the 
obturator nerve. Subsequently it Avas found that the obturator sometimes gives 
a branch AAfirich joins the medial neiwe, eAmn AAdien the latter is deiWed mainly 
from the saphenous. 


DISCUSSION 

The following conclusions may be draAim from these results. 

1. Most, if not all, of these myelinated fibers are A fibers and are afferent in 
nature. If any are efferent, they AA'-ouid supply skeletal muscles in the neighbor- 
hood of the joint, and contractions of these muscles Avould then haA’’e'l3een visible 
AAdien the fibers AA^ere stimulated. This AA'as never obsei’Amd. If efferent fibers are 
present they must be nonmyelinated. It is quite likely that postganglionic 
vasomotor fibers may be included in this group. 

2. It seems probable that conduction rates correspond to fiber diameters but 
there are tAvo main reasons AA'hy a close fit cannot be made. The measurements 
of diameters AA^ere not made on the same nerves as those from AA^hich the potentials 
Avere recorded. Also, most of the determinations of conduction rates AA^ere made 
from records obtained during stimulation of dorsal roots. Since the articular 
fibers enter over several dorsal roots, there is no Avay of knoAving the sizes of the 
fibers in a particular root. Fairly direct comparisons, therefore, can be made 
only betAA'^een the largest fibers (about 16 microns in diameter) and the fastest 
rates (about 90 meters a second), and also betAA^een the smallest myelinated fibers 
(about tAvo microns in diameter) and the sloAA^est rates (about ten meters a sec- 
ond). According to Hursh (8) the ratio of diameter to conduction rate is a factor 
of six (using outside diameter, in contrast to the method of Gasser and Grundfest, 
1939). This ratio is approximately realized in the instances cited here. 

It is not unlikely that the ratio holds equally AA-ell for the other fibers and rates 
in which case fibers in the seven to ten micron group account for the first major 
deflections in the articular nerves. This group is more prominent in the poste- 
rior nerve and the corresponding potential is larger than any others. The sue- 
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ceeding major deflection in both nerves is probably obtained from fibers in the 
small, intermediate five to seven micron group and the two to five micron group. 
The latter is more prominent in the medial nerve and the corresponding poten- 
tial is usually as large or larger than the first one. 

In nearly all experiments, when dealing with threshold stimuli, there was a 
characteristic play of spikes, as described by Blair and Erlanger (3). The 
shock-spike distance varied from time to time even though the stimulus strength 
remained the same. Some of the variability may be attributed to utilization 
time, but in all cases the stimulus duration was much shorter than the shortest 
shock-spike distance observed under these conditions. Hence the variability is 
chiefly a result of changes in latency. In several experiments it was noticed that 
at threshold shocks the first spike to appear conducted more slowly than others 
which appeared with slightly stronger stimuli (fig. 2A and B). At the strengths 
used it is unlikely that this represents spread of excitation from the cathode, but 
rather that these were real differences in threshold, with a few fibers having a 
lower threshold than others with a slightly faster conduction rate. 

3. The afferent fibers enter the spinal cord over several dorsal roots and the 
range of entry is surprisingly wide. The minimum is three dorsal roots, the 5th, 
6th and 7th lumbar. In some cases the 1st sacral would be included as well, 
making four roots over which a total of approximately 315 myelinated fibers enter 
the spinal cord. Since the 6th lumbar dorsal root always contains fibers from the 
posterior nerve, and often from the medial as well, this root may well have the 
heaviest number of entering articular fibers. 

In no instance were slow potentials of the C fiber type recorded, although they 
were searched for with very slow sweeps and maximum amplification. There are 
several possible explanations for this. One is that the potentials became so dis- 
persed over the long conduction distances that they fell into the noise level of the 
amplifier (one to two microvolts). Others, however, have recorded C potentials 
after long conduction distances (11). It is also theoretically possible that the 
nonmyelinated fibers in these nerves are all autonomic, but it would be most sur- 
prising if this turned out to be the case. Probably the stimulus time used 
throughout these experiments was too short (one tenth to one millisecond), in 
which case either shocks of longer duration or greater strength or both should 
have been used. It is hoped that this point Avill be settled in future studies. 

4. As 5 'et, little can be said regarding the functions of these nerves and their 
endings. The nonmyelinated fibers form free endings in association nith blood 
vessels and in the connective tissue of the capsule, particularly near Ruffini-type 
endings. The myelinated fibers form free and simple branched endings in con- 
nection with blood vessels, in the connective tissue of the capsule, and the larger 
ones form Ruffini-type endings in the posterior capsule at the zone of entrance of 
tlie posterior, nerve (5). This is the portion of the capsule which is compressed 
during flexion of the knee joint. lATien the articular branch is severed from the 
tibial nerve, but left attached to the joint capsule, spontaneous potentials can be 
recorded (fig. 4). The causative stimuli have not been studied in detail, but it is 
possible that their origin is some stimulation of the Ruffini-tjTDe endings in the 
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posterior capsule. Whether this is a result of tension on the capsule by attached 
muscles remains to be determined. The potentials probably do not arise from the 
cut end of the nerve because difficulty of this sort -was not encountered in other 
methods of recording. Furthermore, the potentials disappear when the nerve 
is cut or crushed between the electrodes and the joint, h'lost significant, how- 
ever, is the fact that there is a definite increase in the frequency of these poten- 
tials when the posterior capsule is pressed lightly with a glass rod. Bursts of im- 
pulses were elicited by such a maneuver.- Incidental obseiwations indicate that 
these receptors are slowl 3 '' adapting, but as 3 '’et the exact time of adaptation is 
unlvnovm. 







Fra, 4. A-B. Spontaneous potentials recorded from the posterior nerve without 
pressure applied to the capsule. C-D. Similar potentials recorded from a different 
posterior nerve. E-F. Same nerve as C-D, showing definite increase in frequency of poten- 
tials when light pressure is, applied to the capsule. 


SUMMARY 

It has been determined that myelinated fibers in articular branches of the 
tibial, saphenous and obturator nerves are A fibers, that their conduction rates 
seem to correspond tvith the ranges of fiber diameters usually found in these 
nerves and that they are afferent in nature. They enter the spinal cord through 
the 5th, 6th and 7th lumbar dorsal roots, and sometimes the 1st sacral as well. 
There is no evidence that any of the fibers are motor, but the probability that 
many of the nonm 5 ’’elinated fibers are vasomotor is not eliminated. Finally, it is 
presumed that the large spontaneous potentials which can be recorded, arise from 
stimulation of Ruffini-type endings in the posterior capsule, because pressure m 
this region increases the frequency of the potentials. 

The author is indebted to Dr. J. D. Green for valuable assistance and helpful criticism 
during the course of the work. He further wishes to thank Mr. Bernard Agranoff for aid 
in the photography and Misses Evelyn Erickson and Geraldine Chesney for the preparation 
of the illustrations. 
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The necessity of ascorbic acid for the synthesis of collagen is now generally 
recognized (1,2). Its role in the healing of wounds is presumably related chiefly 
to this function (3-6), though whether the ^dtamin serves as a building stone or 
as a catalj'^st in collagen formation has not yet been demonstrated. Convincing 
evidence has been presented of greater retention of ascorbic acid following injury 
as will be noted in the following; 

Lauber and Rosenfeld (7) found that ascorbic acid tends to concentrate in 
and around wounded areas. Bartlett, Jones and Ryan (8) confirmed these re- 
sults and showed in addition that the content of the vitamin in the wounded 
area varies with the ascorbic acid intake. They found as much as 6.53 mgm./lOO 
grams in scar tissue of guinea pigs on a preoperative and postoperative diet high 
in vitamin C. 

Andrae and Browne (9, 10) have recently reported results of a study of ascor- 
bic acid metabolism after trauma in man and found that all of the injured sub- 
jects showed a low urinary output with large doses of ascorbic acid and that the 
retention was greater after burns than after fractures. Folloudng the injury 
the level in the blood fell markedly and failed to rise after 15 to 20 days on the high 
intake suggesting destruction or utilization of the vitamin. A high ascorbic acid 
retention lasting only one to two days similar to that in normal individuals was 
observed several months after recovery from the injury. The evidence was con- 
sidered inconclusive as to whether the ascorbic acid is destroyed or is incorporated 
in the newly-formed tissues. The fact that the retention was greatest imme- 
diately after the injury and became less so later when the tissue anabolism was 
increased suggested that the vitamin was not being used up in the formation of 
new tissues. 

Levenson et al. (11) determined the plasma level and urinary excretion of as- 
corbic acid in six patients with severe surgical conditions to whom ascorbic acid 
was administered intravenously. They found abnormally small amounts in 
both blood and urine during the period of acute illness. Their findings were 
interpreted as affording no evidence as to whether or not the vitamin serves a 
useful purpose during its disappearance. 

The need of further study of the role of ascorbic acid in wound healing is e\d- 
dent, particularly with the objective of determining whether any of the vitamin 
is utilized in anabolic processes. 
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EXPERIMENTAL METHODS 

Adult male guinea pigs of an inbred strain^ which had been kept saturated with 
ascorbic acid since shortly after weaning were used as test animals. Animals 
were selected which had shown a moderately steady excretion over a long period. 
Those used in the first test were approximately nine months old and ranged in 
weight from 710 to 960 grams with an average weight of 820 grams, and those in 
the second test, which was conducted several months later, varied from 750 to 
970 gi'ams with an average weight of 880 grams. The animals were placed in 
metabolism cages and were fed a scorbutogenic pelleted stock diet (commercial) 
supplemented ndth one per cent of powdered yeast. Ascorbic acid was supplied 
by daily intraperitoneal injections of 5 mgm. for each 100 grams of body weight. 
The vitamin was dissolved (15 mgm/ml.) in 0.5 per cent solution of sodium bi- 
carbonate to partially neutralize the acidity. Each animal received the same 
(as the initial) dosage throughout the experiment. 

Ten grams of crystalline metaphosphoric acid was placed each day in each of 
the bottles used for collecting the urine. This amount was usually sufficient to 
afford protection to the ascorbic acid excreted during a 24-hour period in a room 
maintained at 76 to 80°F. Some difference was observed in the quantity of 
metaphosphoric acid required by the urines of different animals and was at- 
tributed in part to differences in the volume of fluid collected in the bottles. 
In preliminary tests it was observed that some of the animals spilled water as 
they drank, thus diluting the metaphosphoric acid considerably. By providing 
drinking tubes with very small openings for animals inclined to spill the water 
some control was obtained of the volume of fluid collected. 

Assays of the ascorbic acid excreted were made daily by both the indophenol 
method and the osazone method of Roe and Kuether (12) to determine the 
reduced and total ascorbic acid, respectively. The excretion was determined 
during the 9-day period previous to wounding, throughout the period of active 
healing (11 days in the first test and nine days in the second) and for nine days 
following complete healing of the Avounds AAuth the exception that osazone de- 
terminations Avere made for only seven days during the recovery period in the 
first experiment. The Avounding- was effected by cutting through the skin doAAm 
the center of the back for a distance of 10 cm. The cut edges AA^ere fastened 
together AAoth sldn clips Avhich AA-ere removed on the ninth day after AAmunding, 
at Avhich time healing was AA^ell advanced. Precautions were taken to keep the 
animals AA’^ell protected from draughts and also to maintain their room at slightly 
liigher temperature than usual during the first 24-hour period after AA'ounding. 
The food and AA'-ater intake AA^as slightly less than usual during this period and 

* Animals from family No. 13 were used. This strain was developed by the Genetics 
Section of the Bureau of Animal Industry of the U. S. Dept, of Agriculture. Later, the 
line was continued by the Genetics Section of the National Cancer Institute, from which 
the animals here used were obtained. 

® The vrriter is indebted to Dr. Thelma B. Dunn of the National Cancer Institute for the 
surgical operations. 
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became normal by the second day. None of the pigs showed delayed healing 
due to infection. 


EXPERIMENTAL OBSERVATIONS 

After preliminary experiments in which the necessary methods were developed, 
two tests each with eight animals were conducted, the results of which cor- 
responded fairly well within the limits of error of the method. The results of 
the two tests with both methods are shown in figures 1 and 2. The data indicate 
a real change in excretion during the healing period. The rather vide deviations 



9 7 5 3 2 4 6 a 10 12 14 16 18 20 

DAYS 
Fig. I 


occurring throughout the three experimental periods are caused in part by dif- 
ferences in weight and dosage of the animals and in part by individual differences^ 
in the average daily excretion. The horizontal lines at the left in the figures 
represent the average excretion values during the prewounding period and those 
at the right the average values during the period after healing was apparently 
complete. The differencs in results by the two methods of assay were not great. 

3 In other studies (13) it has been found that guinea pigs e.verete (excess) intrapen- 
toneally injected ascorbic acid into the digestive tract where it is fairly rapidlj' destroyed. 
There are individual variations in the rapidity of this process, the differences probab y 
resulting from variations both in the rate of excretion into the digestive tract and in its 
subsequent destruction. This variability is reflected in the blood concentration and conse- 
quently would presumably influence the amount removed by the kidneys. 
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The generally higher values obtained with the osazone method, shown par- 
ticularly in figure 2, are presumably due to the presence of small amounts of 
dehydroascorbic acid. The low value obtained with the osazone method on the 
fourth day previous to wounding in the second test (fig. 2) is probably a result 
of an analytical error, the cause for which is not known. 

After the wounding there was a drop in the e.vcretion values in both experi- 
ments. The most striking feature of the results is the definite fall by the third 
day with the values remaining low for several da 3 '^s. In both tests all of the 
animals but one showed this depression in excretion after wounding, with a 



Fig. 2 

return to .normal values during the recoveiy period. The quantitative data for 
the total excretion values per animal during the three experimental periods are 
shouTi in tables 1 and 2. The general level of excretion during the prewounding 
period in the first test (table 1) was somewhat lower than is general^’’ expected 
undei these experimental conditions. The return to normal excretion values 
occurred by the eleventh or twelfth daj^s in the first test and by the ninth day in 
the second. This difference in time was correlated with an apparent difference 
in the rate of wound healing. The animals in the second test, which required 
the shorter time, had in most cases, a more rapid rate of healing. During the 
period of active healing there was a decrease in the total amount of ascorbic acid 
noimalh excreted of 1G.5 mgm. or 18.6 per cent per individual animal in the first 
test and in the second test a decrease of 12.4 mgm. or 12.9 per cent. 
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Tlie averages for the standard deviations in excretion per individual Avere 
slightly higher during the healing than during the preAvounding period. The 

TABLE 1. Total ascorbic acid excreted per anlaial (expt. 1) during 7 to 

10-DAY PREAV'OUNDING, HEALING AND RECOA'ERY PERIODS 


(Osazonc Method) 


GUINEA PIG NUMBER 

rREWOTODIKO 9 DAYS 

HEAtlKC 10 DAYS 

l!ECO\'ERY 7 DAYS 



ingm. 


24 

78.0 

52.1 

54.6 

26 i 

67.5 

49.8 

66.6 

28 i 

74.3 

62.0 

70.1 

29 

58.6 

52.4 

61.5 

31 

91.0 

110.4 

83.6 

32 

119.5 

i 112.1 

92.8 

33 

63.5 

60.2 

55.4 

35 

84.9 

77.0 

74.5 

i 

Total 

637.3 

576.0 

559.1 


708.1* 

1 

— 15.3 mgm. 
-18.6 % 

798. 7t 
-f 11.3 mgm. 
+12.8 % 


■■"Excretion for 10 days (calculated), 
t Excretion for 10 days (calculated). 


TABLE 2. Total ascorbic acid (mgm.) excreted per animal (expt. 2) during 
the 9-dat preaa'ounding, healing and recovery periods 
(Osazono Method) 


GUINEA PIG NUMBER 

PREWOtnOlING 

HEALING 

RECOVERY 

25 

S2.9 

86.0 

83.4 

26 

95.4 

69.0 

82.4 

27 

SI. 2 1 

67.1 

81.5 

28 

112.4 

103.0 

132.0 

29 

92.2 

77.9 

95.9 

32 

118.8 

107.8 

! 124.8 

33 

, 86.3 

74.5 

91.9 

35 

! 96.5 

81.4 

88.6 

Total 

765.7 

666.7 

780.5 



-12.9 % 

+1.9 % 


1 

—12.4 mgm.* 

' 


* Per animal. 


average values for the preAvounding, healing and recovery periods, respectiveljS 
Avere 0.91, 1,01 and 0,74 mgm. in the first test and 0.85, 1 .00 and 0.98 mgm. in the 
second (tables 3 and 4). If a four consecutiAm-day interval in the middle of each 
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TABLE 3. Average amounts of ascorbic acid excreted daily during the 
PREM'OUNDING, HEALING AND RECOVERY PERIODS (eXPT. 1) 


(Osazonc Method) 


PREWOUNDING 

HEALINC 

recovery 

Days before 
wounding 

Alean 

Days after 
wounding 

Mean 

Days after 
wounding 

Mean 


mgm. 


j«£m. 



j vigm. 


1 

8.10 ±0.70 

1 

7.41 ±0.99 


11 

9.06 ±0.95 


2 

9.26 ±0.82 

2 

6.51 ±1.02 


12 

9.96 ±0.68 


3 

10.32 ±0.91 

3 

5.49 ±1.481 

1 

1 13 

1 10.38 ±0.32 


4 

8.42 ±1.07 

4 

7.40 ±1.12| 


14 

9.76 ±0.81 

|t 

5 

9.13 ±0.96 

1 ^ 

7.70 ±1.13 

15 

10.39 ±0.76 

6 

8.96 ±0.66 i 

6 

7.17 ±1.02j 


16 

9.68 ±0.75j 


7 

8.42 ±1.08 

7 

7.80 ±0.55 


17 



8 

8.77 ±0.97 

8 ' 

7.65 ±1.14 


IS 

10.65 ±0.94 


9 

8.31 ±0.98 

9 

7.99 ±0.78 







10 

7.68 ±0.90 





Mean 

1 8.85 ±0.91 


7.28 ±1.01 


9.98 ±0.74 


Mean for comparison periods; prewounding, 9.21 ±0.90; healing, 6.94 ±1.19; recovery) 
10.05 ±0.66. 

* -24.6%. 

t +9.1% comparison period. 

TABLE 4. Average amounts of ascorbic acid excreted per animal daily 
DURING the PEEWOUNDING, HEALING AND RECOVERY PERIODS (eXPT. 2) 


(Osazone Method) 


PREWOUNDING 

HEALING 

RECO\’ERY 

Bays before 
wounding 

mmmm 

Days after 
j wounding 

Mean 

Days after 
wounding 

Mean 


i«gm. 


mgm. 


1 

1 

1 Trtgm. 


1 

11.33 ±0.65 

1 

9.13 ±0.95 


10 

10.76 ±0.54 


2 

9.17 ±0.77 

2 

10.61 ±0.67 


11 

I 10.81 ±1.20 


3 

11.29 ±0.89 

3 . 

[ 7.99 ±0.93^ 


12 

10.48 ±1.13l 

1 

4 

11.83 ±0.66 

4 

8.52 ±0.98l 


13 

11.38 ±1.191 


5 

9.79 ±0.35 

5 

8.10 ±0.85, 


14 

10.18 ±1.00 

6 

10.62 ±0.82 

6 

8.78 ±0.88] 


15 

10.65 ±1.13 

! 

7 

11.00 ±1.42 

7 

9.46 ±1.01 


16 

10.80 ±1.06 


8 

9.82 ±1.03 

8 

10.23 ±1.63 

1 

17 

11.45 ±0.79 


9 

10.85 ±1.05 

9 

10.51 ±1.08 


IS 

1 

11.04 ±0.75 


Alean 

10.63 ±0.85 


9.26 dbl.OO 

; 


10.84 ±0.98 


Mean for comparison periods : prewounding, 10.88 ±0.68; healing, 8.35 ±0.91; recovery 
10.67±1.H. 

* -23.2%. 

t +1.9% comparison period. 

of the three experimental periods is selected for purposes of' comparison, it is 
found that the average excretion during the healing period was 24.6 per cent 
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lower than that of the prewounding period in the first experiment and 23.2 per 
cent lower in the second. During the recovery period there was a return to 
values slightly higher (9.1 per cent and 1.9 per cent in the first and second tests, 
respectively) than in the comparable prewoimding period. 

Because of the necessity of collecting the urine in metaphosphoric acid there 
was no opportunity to follow anj’’ possible changes in the urinary pH values. 
The pH values of the urines of these animals determined shortl}’’ before starting 
the present experiments varied from 7.95 to 8.50. Because of the alkaline reac- 
tion some oxidation of the vitamin probablj’- occurs during the period in which 
the urine is retained in the bladder (14), even though the oxygen tension is 
doubtless low. At these high alkalinities destruction of deh 3 '’droascorbic acid 
doubtless occui's rapidl}'', which would account for the low values found for 
dehj'^droascorbic acid (difference between total and reduced). 

DISCUSSION 

The feature of special interest in the results of these e.xperiments is that they 
show that the period of diminished excretion of the vitamin in the urine coincides 
roughlj’- with the known period of collagan formation. 

Hunt (5) showed that ivith a sufficient supplj’^ of ascorbic acid a mature vas- 
cular scar is built up in wounded guinea pigs within 14 days. Hartzell and 
Stone (6) also found that the strength of healing wounds in the abdominal walls 
of guinea pigs adequatel}'’ supplied with ascorbic acid increased sharplj’’ after 
six days and reached the strength of the intact abdominal wall by the 14th day. 
Mazoue (15) had previously’’ studied the rate of production of collagen fibers 
around a mass of Kieselguhr injected intraperiteoneally’’ into guinea pigs and 
demonstrated a direct relation between the dosage of ascorbic acid and the time 
of the first appearance of fibroblasts and fibers. The time of greatest apparent 
cellular development occurred from around the fourth to the sixth days. The 
types of cells invading and developing in the wounded area varied at different 
stages, the polynnorphonuclears, which were most conspicuous on the first and 
second days were less numerous by’’ the fourth day. Cells of connective tissue 
ty’’pe were noticeable on the second day’’ and fibrils of the fibroglia fibril ty’pe had 
by this time formed a net surrounding the mass of Kieselguhr. Connective tissue 
cells predominated by the fourth day’^ and showed a high degree of activity. At 
this time fibi-ils of precollagen were very numerous and more collagen fibers could 
also be seen. By the sixth day’’ the fibers were much more numerous, they were 
thickening and uniting into bundles, encapsulating the mass of Kieselguhr. By’ 
the eighth and tenth days the mass was completely encapsulated and lyas trav- 
ersed throughout by’ fibers. By’ this stage all of the precollagen fibers had been 
changed to collagen. On the 13th day the process of fibrosis was observed to be 
continuing until it formed a complete layer about the entire mass of Kieselguht. 

Although there is a rough correlation between the periods of increased ascorbic 
acid metabolism and of collagen production during wound healing, actually 
there appears to be a slight time difference in the maxima for the two processes. 
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The period of maximal disappearance of the vitamin from the urine in the present 
tests extended from the second to the sixth day, thus preceding slightly the knoivn 
period of most active fiber production. Hence it would appear to coincide some- 
what more closely with the period of maximum connective tissue cell activity. 

The amounts of the vitamin which were found in scar tissue of guinea pigs by 
Bartlett, Jones, and Ryan (8) namely, 6.53 mgm. per 100 gi-ams of scar tissue, 
could not account for the urinary output decrements found during wound healing 
(15.3 and 12.4 mgm.) in the present tests unless some utilization or destruction 
of the vitamin also occurs. 

There is a discrepancy between the present results and those of Andrae and 
Browne (9) as to the time at which greatest retention of the vitamin occurs. 
They found the greatest retention immediately after injury whereas in the present 
tests it occurred three to six days later. The discrepancy may be explained 
by the difference in type of subjects, but it seems probable that it may be found, 
at least in part, in a different direction. In their subjects with accidental in- 
juries there probably was a much gi'eater relative amount of actual tissue destruc- 
tion than in the clean-cut skin wounds of the present tests. Presumably, the 
greater the amount of cellular damage, the greater ma}’' be the actual destruction 
of the vitamin, a condition which may account for the greater retention im- 
mediately after injury. Later, as the cellular elements migrate into the wounded 
area and become active, they, or at least certain types of these cells, may (1) 
very actively absorb the vitamin and (2) may possibl}’’ utilize it in anabolic 
processes associated with healing. Evidence lending indirect support to these 
suggestions is to be found in the raitio of dehydro to reduced ascorbic acid in the 
urine. Muntoni (16) reported that after surgical operations the ratio of delydro 
to reduced ascorbic acid increased. Andrae and Browne (9, 10) found also that 
immediately after injury the ratio increased but that during convalescence the 
ratio was the same as in the normal condition. The fairly large amounts of 
delydro ascorbic acid formed immediately after injurj’’ may be interpreted as 
indicating destruction of the vitamin catabolically and the small amount or none 
formed during convalescence as indicating little or no destruction. The forma- 
tion of little or no dehydroascorbic acid as revealed in their studies during healing 
suggests the possibility that the retention characteristic of this period may be a 
consequence of anabolic processes. In the present tests there is some indication 
that less rather than more dehydro ascorbic acid is formed in the healing period 
than in the prewounding and recovery periods. This is shown particularly in 
figure 2 in which the curves obtained by the two methods are divergent during 
the prewounding and recovery periods but follow each other rather closely during 
the healing period. Although it is possible that the apparent decrease in de- 
hydroascorbic acid during healing is fortuitous, the suggestion is nevertheless 
advanced that since a more rapid catabolism of protein is a characteristic ac- 
companiment of injury (17), presumably the urine at this time may hai'e a some- 
what lower pH and as a consequence less of the vitamin is changed into the 
dehj'droform. 
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SUMMARY 

Experiments were conducted to determine if ascorbic acid is used up in the 
healing of skin wounds in guinea pigs. Incisions 10 cm. long ivere made down the 
centers of the backs of adult animals. Daily intraperitoneal injections of the 
Same amounts of ascoi-bic acid ivere continued through a nine-day pre-wounding 
period, through the period of active healing (9 to 11 days), and for 7 to 9 days 
following closure of the wounds. Daily determinations of the ascorbic acid 
excreted in the urine were made by both the osazone and indophenol titration 
methods. 

In each of the two tests conducted with eight animals each, it was found that 
a depression in the urinary excretion of ascorbic acid occurred during the period 
of most active healing bj'- both methods of assay following which there was a 
return to the prewounding values. The greatest depression occurred from the 
second to the sixth days. During the nine-daj’' period of active healing there 
was a decrease of 15.3 mgm. or I8.G per cent of the total amount normallj^ ex- 
creted in one test and of 12.4 mgm. or 12.9 per cent in the other. The difference 
between the output of a four consecutive-day period at the time of lowest excre- 
tion with a comparable prewounding period was 25 and 23 per cent, respectively, 
in the two experiments. 

The results suggest that less dehydroascorbic acid is produced in the guinea 
pig during the period of active healing than in the prewounding and recovery 
periods. 

The period of greatest metabolism of ascorbic acid preceded slightlj’’ the known 
period of most active fiber formation, hence it appears to parallel somewhat more 
closely the known period of maximal connective tissue cell activitjL 

REFERENCES 

1. WOLBACH, S. B., New Engl. J. Med. 216: 1158, 1936. 

2. Mazoue, H. Compt. rend. soc. biol. 126: 991, 1937. 

3. Crandon, J. H. and C. C. Lund. New Engl. J. Med. 222: 748, 1940. 

4. Crandon, J. H., C. C. Lund and D. B. Died. New Engl. J. Med. 223: 353, 1940. 

5. Hunt, A. H. Brit. J. Surg. 28: 436, 1941. 

6. Haetzell, j. B. and W. E. Stone. Surg. Gynecol. Obstet. 76: 1, 1942. 

7. Lauber, H. j. and W. Rosenfeld. Klin. Wochschr. 17: 1587, 1938. 

8. Bartlett, M. K., C. M. Jones and A. E. Ryan. Ann. Surg. Ill: 1, 1940. 

9. Proc. Conference on Metabolic Aspects of Convalescence Including Bone and Wound 
Healing. 9th Meeting pp. 34—44, 1945; 10th Meeting pp. 307-9, 1945. 

10. Andeae, W. a. and j. S. L. Browne. Can. Med. Assoc. J. 66: 425, 1946. 

11. Levenson, S. M., R. Green, T. H. L. Taylor, P. Robinson, R. C. Page, R. E. John- 
son AND C. C. Lund. Ann. Surg. 124: 840, 1946. 

12. Roe, J. H., and C. A. Kuethee. J. Biol. Chem. 147: 399, 1943. 

13. Reid, M. E. Federation Proc. 6 : 418, 1947. 

14. Koops, H. Med. Welt. 16: 1115, 1942. Abt. Ber. ges. Physiol. 132: 535, 1943. 

15. Mazoue, H. Arch. Anat. Micr. 33: 129, 1937; 36: 91, 1939. 

16. Muntoni, E. Sperimentale 96: 234, 1942. 

17. Proc. Conference on Metabolic Aspects of Convalescence Including Bone and Wound 
Healing. 8th and 9th meetings, 1944, 1945. 


ROENTGENOGRAPHIC STUDY OF MOTILITY OF GASTRO- 
INTESTINAL TRACT OF THE GUINEA PIG 

MARY ELIZABETH REID and WILLIAM C. WHITE 

From the Division of Physiology and Laboratory of Physical Biology, National Instilnie 
of Health, United States Public Health Service, Betkesda, Maryland 

Received for publication December 24, 1948 

Investigations dealing with the rate of movement of the contents through the 
different regions of the gastro-intestinal tract have been made with several types 
of laboratory animals. Magnus (1) studied the progress of digestion in cats and 
dogs starved for 24 hours using the roentgenogi-aphic technic developed bj’- 
Cannon (2, 3). He fed cats each five grams of bismuth subnitrate in 25 ml. of 
potato brei, and dogs were given 7.5 grams of bismuth subnitrate mixed with 50 
ml. of broken dog biscuit moistened rvith water. In similar studies with rats 
Menville, An6 and Blackberg (4) fasted the animals for 48 hours, withheld water 
24 hours beforefeeding a meal composed of 10 grams of BaS 04 and 10 ml. of but- 
termilk. Gershon-Cohen, Shay and Fels (5) conducted similar investigations 
on rats and found considerably more rapid movement of the contents of the di-’ 
gestive tract, which may possibly be explained in part by differences in experi- 
mental procedure. Their animals were deprived of food and watei\onl 3 ’’ 18 
hours prior to the roentgenographical studies. The test meal consisted of three 
ml. of a water suspension of barium sulphate put directly into the stomach hy a 
stomach tube. The results of these various studies together with one on human 
subjects (6) are summarized in table 1. 

No reports have been found of investigations dealing with the rate of move- 
ment of the contents of the gastro-intestinal tract of guinea pigs. For another 
study, initiated to investigate the disappearance from guinea pigs of a relatively 
large proportion of the ascorbic acid injected intraperitoneally, such information 
was found to be essential. 

Twentj^-seven roentgenographic studies using tests meals of a water-barium 
sulphate mixture were accordingly made on 17 adult animals of an inbred strain 
maintained on a commercial pelleted diet supplemented with one per cent of 
dried powdered yeast. Ascorbic acid was injected intraperitoneally (daily) in 
the proportion of five mgm. per 100 gram of bodj’’ weight. A 0.5 per cent solution 
of sodium bicarbonate was used as a solvent for the vitamin (15 mgm./mh). 
The animals were kept on this regime for four weeks or longer before making the 
studies. In some of the tests the food was removed from the cages the night 
before the barium, was administered; in others it was removed at 4 A.ai. the day 
of the tests. At 8 a.im. five ml. of a creamy mixture of 10 grams of barium sul- 
phate in 20 ml. of Avater was introduced into the stomach by stomach tube. 
Roentgenograms' were taken immediate^' and after 1, 2, 3, 4, 6, 8, 10 and 24 
hours. A fter the fourth hour the food was replaced in the cages. 

' ’iV sec., 30 milliamps, 62 kilovolts, 30" distance. 
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TABLE 1. Rate of siovement op contents through gastrointestinal tract 

IN DIFFERENT ANIMALS 




SMALL INTESTINE 

CECUM 

LARGE 


ANIMAL 


First 

appearance 

Maxi- 

mum 

filling 

Emptying 

time 

First 

appearance 


intestine: 

EMPTYING 

TIME 

INVESTIGATOBS 

1 

hr. 

min. 

hr. 

hr. 

hr. 

hr. 

hr. 


Cat 

3 

15 

2 

8-9 

2 


— 

Magnus (1) 

Dog 

2.5 

15 

2 

6-7 

about 2 

— 

— 

Magnus (1) 

Rat 

6 hrs. 14' 
min. 

i 


■ 

10 hrs. 26 
min. 

i 

i 

3 hrs. 37 
min. 

! 

i 

65 

Menville, 
And and 
Black- 
berg (4) 

Rat 

1-3 


I 

i 

i 

3-5 


24 , 

Gershon- 
Cohen, 
Shaj’^ & 
Fels (5) 

Alan ........ 

4.6 

25 


6.5 

3.3 

17.3 

25.5 

Zehbe (6) 

Guinea pig.. 

1+ 

less than 1 
hr. Ex- 
act time 
not det’d 


2 

less than 
1 

8-10 

24— to 
24-f 

Reid and 
• llTiite 
(this 
paper) 


TABLE 2. Location of barium meal in the digestive tract of guinea pigs 
AT SUCCESSIVE PERIODS. TwENTY-SEVEN STUDIES ON 17 ANIMALS 


nODRS ATTER ADUIKISTRATION OF BARIUil SULPHATE 


ORGANS 

1 

1 1 

2 

3 

4 

6 

8 

10 

24 

Stomach 

J to f out 

Almost 





— 

— 

— 

— 

1 

! 

out 







Small in- 

through- 

Almost 

all out 

— 

— 

— 

— 

— 

testine 

out en- 

out 

except 







tire 


trace 







length 








Cecum 

entering 

i to of 

-J- to J in 

4 to f in 

5 to i in 

5' to trace 

all out or 

— 


in 6 of 

total 




in 

trace 



27 

in 







Large in- 

— 

Enter- 

small 

J to 4 in 

§ to f in 

feces es- 

feces es- 

all out in 

testine 


ing 

am- 



caping 

caping 

16. 




ount to 



in 5 

in 9 

Small 




4 in 





am- 









ount in 





1 




6. 









Trace 









in 5 


OBSERVATIONS 

At the end of the first hour from a third to a half of the barium was still in the 
stomach, the remainder being distributed throughout the entire length of the 
small intestine. By the end of two hours most of the barium had passed into the 



















Fig. 1. Loc-A-tion of baeium afteh diffekent inteevaes of time. Figures represent 
number of hours after administration. The photograplis do not represent the gastro- 
intestinal tract in any one individual but rather illustrate the average position of the 
barium for each time interval as near as the average could be determined. 

cecum ami in most of the animals it could be detected entering the large intestine. 
Only small amounts were left in the stomach and small intestine in most of the 
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animals. Some of the barium remained in the cecum at least five hours and in 
man 3 ^ cases longer. the eighth hour it appeared to be almost all out of the 
cecum. After eight hours, feces containing barium were escaping in five of the 27 
animals. After 24 hours the barium had all been excreted in 16 of the 27 animals, 
there was a trace left in the large intestine in five of them and small amounts in 
six. No definite differences were observed in the rate of movement of the con- 
tents of the gastro-intestinal tract between the animals deprived of food over 
night and those without it for onlj'’ four hours previous to administering the 
liarium. 

The results of the above studies are summarized in table 2 and t^’^pical roent- 
genograms are shown in figure 1 . 


DISCUSSION 

The most interesting feature of these results is the rapid progress of the barium 
through the stomach and small intestine of the guinea pig and the marked re- 
tardation in the cecum. The passage through the stomach is faster than that 
observed in the cat (1), dog (1) and man (6) and the progress through the small 
intestine is much more rapid than in these other animals. In general, the move- 
ment is more like that found in the rat (5), though there is a definite difference 
in the time required for passage through the small intestine. The first ap- 
pearance of the barium was observed in the cecum of the rat in from three to 
five hours, whereas in the guinea pig it entered ivithin the fii-st hour and by the 
end of the second hour all but a small amount had passed in. 

As to whether barium maj'' induce more or less rapid propulsion than would 
normal food stuffs no definite answer can be given at the present time. Judging 
by the results obtained under similar conditions with human subjects, however, 
it maj’’ be assumed that the movement is practicallj’’ normal. 

The chief significance in the results is to be found in the influence of time as a 
factor in the absorption of special types of nutrients. Since there is considerable 
evidence that much if not most of the absorption of vitamin C, for example, 
occurs through the walls of the small intestine and possiblj'^ to some extent in the 
stomach, the short period during which the contents are exposed to these absorb- 
ing surfaces becomes of critical importance. From these results and the data 
presented in a previous publication (7), it appears probable that if the dailj^ quota 
of this vitamin is given in one dose or in a form not readily available for absorp- 
tion there may be considerable loss if the substance is propelled forward out of 
the small intestine before absorption is complete. 

SUMMARY 

The roentgenological-barium sulfate technic commonlj'^ employed in clinical 
determinations of gastro-intestinal propulsion rate was applied in guinea pigs to 
a stud}^ of the rate of movement of contents through the different regions of the 
gastro-intestinal tract. 

The chief feature of interest in the results is the rapid movement through the 
stomach and small intestine and the marked retardation in the cecum. Within 
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a period of two hours most of the barium had moved out of the stomach and small 
intestine. After 24 hours all of the barium had been eliminated in 16 of the 27 
animals, traces only were left in five animals, and small amounts in six. 

The significance of the results is discussed in connection with possible failure 
in the complete absorption of special types of nutrients such as some of the 
vitamins, particular!}'’ when a 24-hour quota in high dosage is administered at one 
time, or in a form not readil}'^ accessible for absorption. 
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This study was undertaken to ascertain whether or not the feeding of liver to 
partially hepatectomized rats augments the rate of regeneration of the liver. 

This question was raised because we were interested in the more basic question 
of the nature of the stimulus or stimuli responsible for the remarkable regenera- 
tive ability of the liver. The stimulus which is responsible for the regeneration 
of the liver may be extrinsic or intrinsic in origin. If the stimulus is intrinsic and 
is not mechanical, then it should be present either in the nonregenerating liver or 
in the regenerating li^'er. If such a factor be present in the liver in either state, 
it should be detectable l^y feeding whole liver in large amounts or by injecting 
appropriately prepared extracts or concentrates of the liver into partially hepa- 
tectomized rats. If a favorable effect occurred on feeding liver, the possibility 
that the effect might be due to the quality of liver protein (1) would have to be 
considered. It was thought that the best approach to the answer of the basic 
question was to ascertain the effect of feeding a diet of liver on the rate of re- 
generation of the liver as compared to the feeding of a stock diet. 

We have been unable to find any literature dealing directly with this question. 
MeJunkin and Breuhaus (2) observed a great increase in mitosis in the hepatic 
remnant of partially hepatectomized rats which had received injection of ‘mac- 
erated liver substance’. Marshak and Wa&er (3) injected various liver fractions 
into partially hepatectomized rats and observed an increase in mitosis when fat- 
free chromatin was injected. They found in addition that chromatin labeled 
with P32 was rapidly assimilated into the intracellular substance of the regenerat- 
ing liver. This work suggests that the liver may contain some factor which 
stimulates regeneration. 


EXPERIMENTAL 

Technique of removing the liver. At operation, the method of Anderson and 
Higgins (5) and Brues, Druiy, and Brues (4) was used. It should be mentioned 
that the portal vein leading to the lobes to be removed was clamped for three 
minutes to allow for partial exsanguination of the lobes before their pedicle was 
tied. The portion removed was allowed to drain of blood and was then weighed 
to the nearest five milligrams. 

At ^necropsy'-, as in the 32 rats cited below, the rat was anesthetized on the 
tenth to eleventh day (average, 10.7 days), the abdomen was opened, the portal 
vein and hepatic arterj’- were clamped, and then after two or three minutes the 
vena cava was clamped and the liver removed. The liver was allowed to dram 
of blood, weighed wet, and then dried to constant weight in a constant tempera- 
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ture oven at 100° C., it having been found that further desiccation in a desiccator 
did not decrease the weight. 

Amount of liver removed. We desired to remove approximate!}'’ 70 per cent of 
the liver as others have done. In this connection Brues, Drury and Brues (4) 
found that the left lateral and the median lobes of the rat’s liver constituted 68.5 
per cent of the total weight of the liver. Or, in 13 rats from their colony they 
found that if the weight of these lobes was multiplied by the factor 1.46, the total 
weight of the liver could be approximated. This factor of 1.46 had a standard 
deviation of only d=0.03 for the series of 13 rats they used. This, of course, 
served as a basis for the amount of liver i-egenerated after partial hepatectomy. 
They found that this method had a smaller coefficient of variability than when the 
formula for body-weight to liver-weight relationships was used (5). 

To establish for our colony of rats the validity of the method of Brues el al. (4) 
for estimating the total weight of the liver at the time of operation, ive removed 
the left lateral and median lobes of the liver and iveighed them; then we removed 
and weighed the remainder of the liver (left central, right, and caudate lobes). 


TABLE 1 


RATS 

. 

AVR. BODV WT. AT OP. 
(GRAMS) 

AVR. vn. OR MED. AND 
LEFT-LAT. LOBES 
REMOVED AT OP. 

AVR. WT. OF RIGHT 

and caudal lobes 

REMAINING 

AVR. WT. or total 
L n'ER 

32 

180.4 ± 4.3' 

1.798 gm. 

0.824 gm. 

2.628 gm. 


, med. and left lat. 

Ihus, the ratio of r: ; 

Total 

Range of percent of liver removed = 
' Probable error of the mean. 


_ ^-798 
~ 2.623 
64.0% to 71.3% 


68.56% ± 0.27 (P.E.)‘ 


Thirty-two albino rats, which weighed from 150 to 300 grams and which were 
approximately equally distributed between the sexes, were used. 

The averaged results are shown in table 1. The value of 68.56 per cent ± 
0.027 (P.E. of the mean) checks the percentages of Brues rery precisely, the 
factor being 1.46 ± 0.047 (standard deviation). 

The effect of feeding a diet of liver on the rate of regeneration. Prior to operation 
the rats were kept on the stock diet used in our laboratoiy and water. The diet 
had the following composition: P = 22%, CHO = 45%, F = 4.0%, and fiber = 
5%, and was adequate to support normal group and reproduction. The com- 
position of the pigs’ liver was approximately: P = 20%, CHO = 1.0%, and 
F = 4.8%. The ‘control group’ was given the diet and water after operation. 
The ‘liver-fed group’ was given only ground pigs’ liver which had been brought 
to a boil to stop autolysis and to retard putrifaction. The food and water were 
given ad libitum, and the rats were kept in individual cages. ]Nio pre- or post- 
operative withdrawal of food was practiced; neither ivas saline or glucose given 
post-operatively. Food was placed in the cage immediately after the operation. 

The rats were paired according to body weight so that the average weight of 
the ‘control group’ would be approximately the same as that of the ‘liver-fed 
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group.’ The ‘control’ and ‘treated’ groups were treated alike as regards opera- 
tive technique. 

Since it has been reported that starvation retards the regeneration of the rat’s 
liver (6, 4, 7), and since Higgins and Anderson (5) observed that a control 
laparotomy would cause the loss of about 12 to 15 per cent of the bodj’" weight 


TABLE 2. Data on rAHTiALLV-nEPATECTOMizED rats showing the effect of 

FEEDING mgs’ LIVER FOR TEN DAYS 


PROCEDURE 

NO. OF 
RATS 

A\’R. BODY UTICIIT 

A\'R. WT. DRY 
LUTR AT 

necr., 10.7 

DAYS POSTOP, 

AVR. WT. 
DRY LIVER 
REMOVED AT 
OPERATION 

CALCUL, 
AVR. DRY 
j ^YT, LEFT 
IN AT OP. 

LIVER 

DRY MT. 
INCREMENT, 
FROM OP, 

TO NECR. 

At op. 

At necr. 

(X 0.46 =) 

Treated rats (fed 

22 

217.9 

213.6 

2.276 

1.356 

j 0.624 

1.652 

liver) 


±7.2' 

±7.0' 





Control rats 

29 

215.3 

208.2 

1.782 

1.386 ‘ 

0.638 

1.144 



±5.6' 

±5.4' 






Diff. = 0.50S 

±0.09' 


' Probable error of the mean. 

Formulae: P.E. mean = 0.6745 y n 

a/ J i ~ 1 

where i is applicable for n >20, or < 30. 

P.E. diff. = V(P.E.„i)=± (P.E.„,P= ± 0.0716 

^ . . , « . ^ diff. 

Critical Ratio (C.R.) = — — — 7.1 

P.E. dm. 


TABLE 3 


PROCEDURE 1 

NO. OF 

AVR. BODY WEIGHT 

AVR. DRY WT. 
INCREMENT OF 
LIVER 

restored I 

SIGMA 1 

P.E. 

RATS 

At op. 

At necr. 



Controls 

1 16 

202.8 

200.5 

1.367 gm. 
1.335' 

0.312 

0.056 

Wilson’s cone, liver extr 

13 

218.0 

215.0 

0.434 

0.088 

Thiamine HCl 

10 

206.8 

210.2 

1.374' 

0.309 

0.077 








' If these increments are compared to the control of 1.144 obtained on 29 rats in table 2, 
the difference is not significant. 


during 10 days, tve believed it was necessary to control this factor. With this 
idea in mind the data from no rat have been used in making comparisons between 
the ‘control’ and ‘liver-fed’ groups if at 10.7 daj’^s more than 15 grams of v eight 
had been lost. • 

The average results are shown in table 2. It is to be noted that the average 
body weight of the 29 control and 22 livei’-fed rats w'as approximately the same 
at the time of the operation and at necropsy. However, the liver-fed rats 
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regenerated 0.5 gram more drj'- liver substance than the control rats. This 
difference is statistical!}'' significant (C.R. = 7.1). The same is true of %vet liver 
substance. 

The effects of thiamine and. a liver extract on the rate of regeneration. The signifi- 
cance of the foregoing observation is enhanced by the lack of effect of thiamine 
and of a liver extract used in the treatment of pernicious anemia (table 3). 

In this experiment the rats were treated in exactly the same way as the fore- 
going group, except that all the rats received the stock diet, and that out of the 39 
rats used, 16 served as a group of controls, 10 were given 200 micrograms of 
thiamine hydrochloride daily subcutaneously, and 13 were given subcutaneously 
5 U.S.P. units of a concentrated liver extract which is used for the treatment of 
pernicious anemia (Wilson Laboratories, Chicago). 

The ratio of dry-liver weight to wet-liver weight in the rats receiving the stock diet 
and those receiving pigs’ liver. The significance of the favorable effect of pigs’ liver 


TABLE 4. Ratios of dry liver weight to wet liver weight 


Wet wt 


Dry wt- 


Ratios dry /wet 


RATS ON CONTROL DIET 

RATS RED pigs’ LIVER 

At operation 

At necropsy 

At operation 

At necropsy 

129.6 

= 4.985 

mi - 6 474 

94.18 

= 4.709 

148.49 

7.425 

26 


20 

20 

40.303 

= 1.386 

51.65 

=i-782 

29 

29.83 

= 1.356 

50.068 

2.276 

29 

22 

22 

1.386 

4.9:5 

= 0.279 

1.782 

6.474 

1.356 

4.709 

= 0.282 

2.376 

7.425 

0.306 


is also supported by the data on the greater amount of dry substance accumulated 
by the regenerating liver cells of the rats fed pigs’ liver (see table 4). 

DISCUSSION 

It is clear from the results of this experiment that a diet consisting solely of liver 
increases the rate of regeneration of the liver of a partially hepatectomized rat as 
compared to an ordinary stock diet which is adequate for the general nutrition of 
the body. The results also show that the active principle in the liver is neither 
thiamine nor the antipernicious anemia factor both of which are found in pigs’ 
liver. 

More definitive experiments will have to be performed to ascertain whether 
the effect of a liver diet on regeneration is due to a high protein intake, hepatic 
protein having a favorable amino acid composition or a growth-promoting sub- 
stance other than thiamine and the antipernicious anemia factor. 

CONCLUSION 

Liver tissue, either because it contains a high quality protein or some as yet 
undetermined growth-promoting factor other than thiamine or the antipernicious 
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anemia factor, facilitates the rate of regeneration of the liver in the partially 
hepatectomized rat. 
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METABOLIC RECO^TERY RATES FROM EXERCISE AFTER ALTERA- 
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Previous experiments have indicated that the limiting factors in respiratory- 
gas exchange during recovei-y from exercise were probably circulatory in nature 
(1). This suggested the possibility that the CO2 carrying capacity of the blood 
(or exchange capacities in the lungs and tissues) mayr be involved in the rate of 
CO2 elimination. Accordingly some of the relationships between alkaline reserve 
and recovery rates from exercise have been studied. 

A standard step-up exercise was used consisting of 20 steps per minute onto a 
nine-inch platform for three minutes. The methods for measuring CO2 elimina- 
tion and O2 consumption after exercise were the same as those described pre- 
viously(l) . In brief the method consisted of continual and simultaneous measure- 
ments of CO2 and O2 in the expired air with thermal conductivity analyzers. 
ICnowing the percentages of the gases and corresponding minute ventilations, 
the recovery curves for O2 consumption and CO2 elimination could be calculated. 

The specific measurements obtained that describe the recovery period are: 
1) recovery half-time constants of gas exchange, 2) metabolic gas exchange at 
zero recovery time and 3) O2 debt and excess CO2 eliminated during recovery. 
Half-time constants of recovery were obtained by plotting gas exchange recovery'- 
curves (above resting) semilogarithmically against time. These half-time con- 
stants represent rates of recovery ; thus, a small or large time constant corresponds 
to a fast or slow rate of recovery, respectively. The metabolic gas exchange at 
zero recovery time was obtained by'- extrapolation of the exponential recovery 
curve to zero recovery time. This corresponds to A 0 in the general exponential 
recovery equation A — Aoe~^‘ where A is the gas exchanged at any time t, and k 
is the rate constant. O2 debt and excess CO2 were obtained by'- integration of the 
exponential recovery equation, which y'ields the general form: cc. of gas = 
AJiT, where T is the half-time recovery constant in seconds and K is a conver- 
sion constant. 

Control exercise tests rvere performed the day”^ preceding the e.xperimental tests. 
The latter tests were made 3 to 6 hours after ingestion of NaHCOs and 12 to 16 
hours after ingestion of NH4CI. The majority of these tests were made on one 
experienced subject. No direct measurements of the alkaline reserve were made. 
However, it is assumed that ingestion of 20 grams of NaHCOs increases the 

^ The -vs-ork in this paper was carried out under a contract between the University of 
California and the Aeromedical Laboratory, Wright Field, Ohio, AAF Contract W-33-038 
AC-14290. 

“ Present address: Zoology Department, University of California, Berkeley, California. 
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alkaline reserve markedly (2) . Likewise, NILCl has been shown to decrease .the 
alkaline reserve (2, 3). 

Typical gas exchange recovery curves after ingestion of NaliCOs, compared 
with control curves,' are shown in figure 1. Since there are intra-individual 
variations in recoveiy rates, in addition to experimental errors, it was necessary 



Fig. 1. Semi-logahithmic plots of CO2 elimination and O2 consumption (above resting 
values) after ingestion of NaHCOs compared to control recovery curves. (Subject, W. E. 
B.) A. Effect of ingestion of NaHCOs on rate of recover3’- from moderate e.vercise as 
measured by CO2 elimination. B. Effect of ingestion of NaHCOs on rate of recovery as 
measured by O2 consumption. 

to carry out a number of tests and make a statistical analysis of the data. Sum- 
marized in table 1 are results obtained on recovery COz elimination following the 
increase in alkaline reserve by the ingestion of 20 grams of NaHCOa on five 
different days. A few hours after ingestion of the NaHCOa there was an average 
23 per cent decrease in the time constants, which represents a 23 per cent increase 
in rate of recovery from exercise. Furthermore, the CO 2 elimination at zero 
recovery time, Ao, was increased by 26 per cent. On the other hand there was no 
significant change in the total excess COo eliminated during the recovei^' period. 
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In table 2 are summarized the data concerned with O2 consumption during the 
recovery period. There was a significant 13 per cent decrease in the O2 time con- 
stants, i.e., a 13 per cent increase in rate of recovery and a 9 per cent increase in O2 
consumption at zero recovery time; however, there was no significant change 
in the oxygen debt. 

TABLE 1. Effect op ingestion of NaHCOa on CO 2 elimination during recovery 

PROM exercise 


(Subject: W. E. B.) 


METABOLIC MEASUREMENTS 

i 

1 CONTROL EXERCISE TESTS 

EXERCISE TESTS AFTER 
INGESTION OF NaHCOj 

DIFFERENCE 

No. of 1 
tests I 

Average j 

No. of 
tests 

Average 

Recovery half-time con- 

39 

31.1 ± 2.4 

18 

23.9 ± 2.8 

23% decrease (t 

slants of CO 2 elimina- 

1 


1 


= 6.4, sig. at 

tion (seconds) 





1% level) 

CO 2 eliminated at zero re- 

39 

866 ± 70 

18 

1090 ± 125 

26% increase (t 

covery time (cc./min. 


1 



= 4.9, sig. at 

above resting) 





1% level) 

cc. excess CO* eliminated 

33 

640 ± 45 

14 

618 ± 64 

6% decrease (not 

during recovery (above 





significant) 

resting) 




i 

1 



TABLE 2. Effect op ingestion of NaHCOj on Os consumption during recovery 

FROM exercise 


(Subject: W. E. B.) 


1 

METABOLIC MEASUREMENTS j 

CONTROL EXERCISE TESTS 1 

. . i 

EXERCISE TESTS AFTER 
INGESTION OF NaHCOj 

DIFFERENCE 

No. of 
tests 

Average 

No. of 1 
tests j 

Average ! 

Recovery half-time con- 

34 

27.3 ± 2.4 

16 

23.9 db 1.1 

13 % decrease (t 

slants of O 2 consump- 





= 4.5, signifi- 

tion (seconds) 





cant) 

O 2 consumed at zero re- 

34 

970 db 60 

16 

1060 zk 54 

9% increase (t 

covery time (cc./min. 





= 3.4, signifi- 

above resting) 





cant) 

Oxygen debt (cc. O 2 ) 

39 

630 ± 41 

18 

595 ± 38 

3% decrease (not 






significant) 


Due to the unpleasant nature of the experiments these tests were made of one 
experienced subject. In an attempt to broaden the conclusions four additional 
subjects were used; two of these showed a 10 per cent decrease in their CO2 
recovery time constants after ingestion of 10-15 grams of NaHCOs, and two 
showed no change. These results, however, are only tentative since one test was 
carried out per person and a statistical analysis is not possible. 

In another series of tests on the experienced subject, the alkaline reserve was 
decreased by ingestion of 13 grams of entei;ic coated NH4CI tablets 12 to 16 hours 
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before the exercise tests. This apparently had no effect on CO 2 recovery rates 
as indicated in table 3. There may have been an effect on the O 2 consumption 
recovery as there was a 7 per cent decrease in the time constants of O 2 consump- 
tion after ingestion of NH4CI, 


TABLE 3. Effect of NH 4 CI ingestion' on recoveuy rates from exercise 

(Subject: W. E. B.) 


recovery measurements 

CONTROL EXERCISE TESTS 

EXERCISE TESTS AFTER 
INGESTION OF NHiCl 

DIFFERENCE 

No. of 
tests 

Average 

No. of 
tests 

Average 

Half-time constant of CO 2 

39 

31.1 ± 2.4 

10 

31.0 dt 2.2 

1% decrease (not 

elimination (seconds) 





significant) 

Half-time constant of O 2 

34 

27.3 ± 2.4 

10 

24.2 ±1.9 

i 7% decrease (sig- 

consumption (seconds) 

i 




nificant at 5% 






level) 


DISCUSSION 

Hill (4) and later Margaria el al. (5) distinguish two phases of recoveiy from an 
exhausting exercise. The oxygen consumption recoveiy curve after such an 
exercise is composed of an initial rapid exponential drop followed by a con- 
siderably slower exponential curve. The initial rapid phase is, according to 
Margaria, payment of an ‘alactacid’ oxygen debt and presumably represents 
energy for the resynthesis of phosphagen split during anaerobic muscular con- 
traction. The slower recoveiy phase, or payment of the ‘lactacid’ oxygen debt, 
is concerned with oxidation of the accumulated lactic acid. Recovery from a 
moderate exercise is predominately or entirely repa 3 Tnent of the alactacid type of 
oxygen debt since there is no accumulation of lactic acid. In the present experi- 
ments it was decided to avoid complicating the recoveiy curves with two ex- 
ponential phases, so the exercise chosen was of such mild intensity as to be fol- 
lowed only by the rapid recoveiy phase. 

Previous evidence had indicated that the limiting factors operative during the 
rapid recoveiy phase were circulatoiy in nature and it was thought that altera- 
tion of alkaline reserve might conceivably influence this type of recoveiy, partic- 
ularly as measured by the rate of elimination of carbon dioxide. As far as is 
known the effects of acidosis or alkalosis on the rapid recovery phase have not 
been studied. Dennig (6) and Margaria (5) concluded that alkalosis could im- 
prove the performance of exhaustive work by allowing greater accumulation of 
lactic acid, although Margaria found no effect on the velocity constants of the 
slower exponential recovery curve. The effect of alkalosis on the velocit)'' con- 
stants of the rapid recoveiy phase was not determined. ’ 

These experiments, on one experienced subject, demonstrate that increasing 
the alkaline reserve by ingestion of NaHCOs significantly increases the rates of 
recovery from a mild exercise. The results lend additional support to the viev 
that rates of metabolic gas exchange after a mild exercise are limited by circuk 
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tory factors. It seems probable that increased alkaline reserve results in ,a 
greater CO2 carrying capacity of the blood which allows more rapid elimination of 
metabolic CO2 from the muscles. Also, the increase in O2 recovery rates may be 
related to altered CO2 tensions which favor greater O2 exchange capacities of the 
blood. Tests were carried out on a few other subjects, however at present there 
are insufficient data to determine the universality of these results. 

The effect of alkalosis on recovery from an exhausting exercise was not tested, 
although, on the basis of the present results and on Margaria’s results, one might 
expect that alkalosis would affect the velocity constants of the rapid recoveiy 
phase and would have no effect on the slower recovery curve. 

Attempts to decrease recovery rates by lowering alkaline reserve were not 
successful; hoAvever, assuming a decreased alkaline reserve, reflected by a lowered 
CO2 carrying capacity of the blood, there might have occurred a compensator^’- 
increase in the rate of blood fioAV, thus accounting for the slight increase in O2 
consumption recovery rates. On the other hand, there may be some question as 
to whether the amount of NH4CI used was sufficiently effective in lowering 
alkaline reserve. 

These results suggest that intra- and inter-individual differences in recoveiy 
rates may be related in part to alkaline reserve. 

SUMMARY 

Tests carried out on one experienced subject showed that an increase of alkaline 
reserve by ingestion of 20 grams of NaHCOj brought about a 23 per cent increase 
of the rate of recovery from moderate exercise as measured by CO2 elimination. 
There was a corresponding increase in the recoveiy rate as measured by O2 con- 
sumption although to a lesser degree (13 per cent increase). Ingestion of NH4CI, 
Avith a presumable decrease in alkaline reserve, had no effect on the CO2 recoveiy 
rate although a slight increase in the O2 rate occurred. These results are inter- 
preted as supporting the concept that the blood and circulation are limiting 
factors in metabolic gas exchange during recoveiy from a mild e.xercise. 

The author is indebted to Miss Muriel Johnston for assistance in carrying out the experi- 
ments. 


REFERENCES 

1. Berg, W. E. This Journal 149; 597, 1947, 

2. Haldane, J. B. S. Lancet 1: 537, 1924. 

3. Baird, M. M., C. G. Douglas, J. B. S. Haldane, and J. G. Priestley. J. Physiol. 67: 
xli, 1923. 

4. Hill, A. V., C. N. H. Long and H. Lupton. Proc. Roy. Soc. B 84: xcvii, 1924. 

5. Margaria, R., H. T. Edwards, D. B. Dill. This Journal 106: 689, 1933. 

6. Dennig, H., j. H. Talbott, H. T. Edwards and D. B. Dill. J. of Clin. Invest 9; 601 
1931. 






Published by 

THE AMERICAN PHYSIOLOGICAL SOCIETY 


Volume 152 MARCH 1, 1948 Number 3 
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The principal factors regulating the exchange of fluid between capillaries and 
tissue spaces were outlined by Starling (1) following his experiments on the 
absorption of fluid from the connective tissue spaces. Starling’s experiments, 
performed on perfused hindlimbs of dogs, gave rise to one of the most widely 
recognized hypotheses in physiology and medicine. According to the ‘Starling 
Hypothesis’, the direction and rate of fluid transfer between plasma and tissue 
fluids are determined by three factors; a) the hydrostatic pressures on each side 
of the capillary membranes, h) the protein osmotic pressures of plasma and tissue 
fluids acting across the capillary membranes, and c) the physical properties of the 
capillary membranes considered as mechanical filters. 

Convincing quantitative evidence in support of the Starling theory was ob- 
tained bj’- Landis (2) from direct measurements of the hydrostatic pressure and 
rates of fluid movement tn individual capillaries of the frog’s mesentery. In this 
preparation the rate of fluid movement across the capillary membrane is, on the 
average, proportional to the difference between the mean hydrostatic pressure in 
the capillary and the protein osmotic pressure of the plasma as measured in vitro. 
This behavior represents a special case of the Starling theory in which tissue 
pressure opposing filtration is negligible and the capillary membranes are almost 
completely impermeable to the plasma proteins; it implies that the protein con- 
centration in tissue fluid immediately outside the capillar 5 '’ wall is too low to plaj’- 
a significant role in determining the osmotic balance. 

No such direct measurements have been made in mammalian capillaries. Cir- 
cumstantial evidence, reviewed by Landis (3), has in general lent support to the 

’ Fellow of the Rockefeller Foundation. 
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Starling theoiy, but the quantitative relations between capillar}’- pressure, effec- 
tive protein osmotic pressure and rate of fluid exchange have never been clearly- 
demonstrated in the mammalian circulation. In the present paper -we shall 
describe methods for measuring these variables in the isolated perfused hindlimbs 
of cats and dogs. Quantitative evidence "will be given that the Starling theory is 
in fact apphcable to the perfused hindlimb and -with a precision rarely 
encountered in biological preparations. 

METHODS 

A. General. The liindlimbs of cats or dogs were amputated and suspended 
from a sensitive recording balance. They were supplied -with blood from a pump- 
lung circulation under conditions such that the arterial perfusion pressure, the 
venous pressure and the protein osmotic pressure of the plasma could be inde- 
pendently adjusted to desired constant values. The rate of filtration of fluid 
from blood to tissues was recorded as the rate of gain of weight, a -technique which 
has been employed in several pre\dous investigations (4-6); conversely, absorp- 
tion of fluid from tissues to blood was recorded as a loss of weight. The blood 
flow was measured and recorded continuously. From these quantities it is pos- 
sible, by the methods described below, to determine the mean hydrostatic pres- 
sure in the capillaries, the effective osmotic pressure of the plasma proteins, the 
filtration coeflBcient of the capillary’- membranes and certain other quantities 
important to the fluid exchange. 

B. Detail. 1. PerS^mon. The technique of perfusion was sinailar to that 
described by Whittaker and Winton (7). A diagram of the perfusion circuit is 

sho-wn in figure 1. r f • 

2. Preparation of blood for perfusion. Tlrree hundred to 500 cc. of per usion 
fluid were used for each e.xperiment. The blood was drawn from the caroti 
arteries of one or more animals not more than three days prior to the e:^erimen . 
For experiments with cats the blood was heparinized; -with dogs the oo "was 
usually defibrinated. men a high protein osmotic pressure was requu’ed, the 
plasma was separated from the cells and placed in cellophane bags in ront o a 
fan. Loss of water by evaporation from the surface of the cellophane occurre 
at a rate sufficient to double the concentration of protein in about four ours. 
The bags were then sealed close ,to the liquid level and the 
dialyzed against cold Ringer’s solution (0.90% NaCl, 0.042% KCl, 0.0 % a 2 , 
0.020% NaHCOs) until ionic equilibrium was established as indicated by tUe 
electrical conducti-idty-. The pooled plasma concentrates from severa ca s -n ere 
required for experiments involving high protein pressures. Low pro em 
sures were obtained by diluting whole blood vuth Ringer’s solution, t u as no e 

that the protein osmotic pressure of plasma obtained by ‘bleeding out rom e 
carotid arteries was considerably’- less than normal, the average pressure 6ing 
15 mm. Hg. Presumably- this was the result of dilution of the plasma wit issue 

fluid during the bleeding process. . 

The corpuscular concentration was adjusted to desired levels by the addi ion 
of red cells to the pre\'iously- prepared plasma. The whole fluid was filtere 
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through glass wool and two layers of linen cloth before admission to the perfusion 
reservoir. 



Fig. 1. Diaghaji of the perfusion circuit and weight-recording system. The 
pump-Iung-hindlimb circulation is similar to that employed by Whittaker and Winton (7). 
The leg is mounted horizontally on the balance with the ventral surface facing upwards. 
The balance beam axle rotates on ball bearings. The beam is loaded with a spring which 
lengthens 0.21 mm. per gram; optical and electrical amplification of this displacement allow 
full scale deflection (50 mm.) of the recording oscillograph for a change of one gram on the 
balance. Temperature of blood in the arterial cannula is measured by thermometer (T) 
and controlled by heating coil (H). 

3. Operative procedures. All experimental animals were anesthetized with 
nembutal (40 mgm. per kgm.). The right hindleg from a small dog (5 to 6 kgm.) 
or a large cat (2.8 to 4 kgm.) was separated from the body at the hip, all tdsible 
blood vessels being ligatured except the femoral arterj’- and vein. Small bleeding 
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t^ThoZT Thlt one-half to 

sanliPno « ] was cleared of connective tissue as far domi as the 

thp J w blanch; this was necessary^ to prevent compression of the vein from 

Jhe vein "■''^‘■PPOrted muscles pulling on the tissue immediately adjacent to 


During this operation the lungs were removed from a second animal and the 

le“Zr SuZn t!s™ '‘"w »t tbe 

“““Pi-*' »t 

SZTJ / fitted to the perfusion apparatus and 

natniT, tf th® perfusion apparatus; transfer from the 

natui al to the artificial circulation required about two minutes. 

hnn, ^ prepared in this way was such that in the first 

houis of perfusion all the perfusing blood left the leg via the femoral vein. There 
vas no detectable drainage from the lymphatics. Towards the end of each 
expel imen lovevei, a small amount of blood (less than two per cent of total 
now; lett the leg by oozing from small vessels which had been cut during the 
oi^iation. le piotein content and corpuscular concentration of this blood were 
m IS ingiiis table from those of venous blood in the two instances in which these 
quantities vere compared, ^^lien dye was injected into the arterial perfusion 

cannu a the whole leg rapidly became colored up to the cut surfaces of the skin 
and muscle. 

4. Pressures. The mean arterial and venous pressures were determined with 
mercury and blood manometers, respectively. The manometers were connected 
to the perfusion circuit at some distance from the arterial and venous perfusion 
cannulae so that it was necessary to correct for the pressure drop across the tub- 
mg and cannulae in order to obtain the true pressure in the arteiy and vein at 
each flow rate. Since a change of 0.5 mm. Hg in mean capillary pressure pro- 
duced an easilj*' detectable change in rate of fluid movement, it was necessary to 
devote considerable attention to these corrections. The pressure-flow character- 
istics of each cannula were obtained before and after each experiment b 3 ’’ substi- 
tuting a short length of wide bore tubing for the leg and determining the pressure 
difference across the cannulae at various flow rates in the range used during the 
experiment. Pressure-flow diagrams were then constructed for each cannula 
and the appropriate corrections for each flow rate during the experiment derived 
from the smoothed curves. The true zero of each manometer was determined 
by extrapolating the indicated pressure-flow diagram to zero flow. All pressures 
are referred to the level of a horizontal plane bisecting the leg. The uncertainty 
in determining this level, and hence the absolute value of all hydrostatic pres- 
sures, was about ±.5 mm. Hg. 

5. Blood flow. The rate of venous outflow was measured at intervals bj*' a 
stopwatch and measuring cylinder; it was also recorded simultaneously by a 
Gaddum (8) outflow recorder. 

6. Weight. The center of the balance beam was fitted with a steel axle ■which 
rotated on ball bearings. One arm of the balance was loaded with a helical spring 
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which lengthened 0 .21 mm. per gram. The main weight of the limb was balanced 
with calibrating weights, as indicated in figure 1, and changes in weight were re- 
corded from the small off-balance excursions of the spring-loaded arm. The 
excursions were amplified approximately 100-fold and were recorded on the 
kymograph as follows: one arm of the balance was provided with a shutter which 
interrupted light focussed on a photo tube (Cetron CE-2). The output of the 
photo tube was led through an impedance changer (6SJ7) and transconductance 
stage (6AG7) to a Weston Model 30 moving coil relaj’-. modified as described by 
Winton (9) to operate as a recording oscillograph. Stabilizing devices were em- 
ployed for all voltage supplies so that at equilibrium temperatures the overall 
drift in the recording system corresponded to a change of less than two mgm. per 
minute on the balance. The sensitivity of the system was controlled electrically 
and was generally operated so that one gram on the balance produced a deflection 
of 20 to 30 mm. on the kymograph. The deflection of the recorder was linearly 
related to the weight and was calibrated at intervals during the experiment by 
adding gram weights to the balance. The rubber tubing which connected the 
perfusion cannulae on the balance to the perfusion system did not interfere with 
the measurements, owing to the small displacement of the balance (0.4 mm.) 
required for full scale deflection of the recorder. The leg itself lay horizontally 
with the flat dorsal surface supported by a malleable coarse mesh wire screen 
which was attached to the balance arm by means of three chains of adjustable 
length. 

7. Temperature control. Blood in the arterial cannula was maintained at 
37.5°C. at all flows by means of a heater coil (H, fig. 1) operated from a manually 
controlled variable transformer. 

8. pH. The pH of plasma or of protein solutions was measured with a glass 
electrode (Beckman). 

9. Protein osmotic pressure. In vitro measurements of protein osmotic pres- 
sure were made with a Hepp osmometer (10) as modified by Brovm (11). In our 
hands multiple determinations of osmotic pressure performed on samples of the 
same protein concentration agreed mthin a standard deviation of ±0.7 mm. Hg. 
The absolute values of protein osmotic pressure found at any given protein con- 
centration and pH agreed with the values calculated from the data of Scatchard, 
Batchelder and Brown (12, 13) as indicated in table 1. Calculation of the molec- 
ular weight of albumin from the observed osmotic pressures of bovine albumin 
lead to a value of 69,000, which is in close agreement with values obtained by 
independent methods (14). The measurements were made against 0.15 molar 
NaCl at room temperature with the plasma or protein samples in equilibrium 
with ambient air. Since the samples in vivo were equilibrated with a pC02 of 
40M5 mm. Hg, the pH was higher in the osmometer than in the capillary circu- 
lation. The effects of a change in pH from 7.2 to 7.7 may be predicted from the 
equation of table 1; they were too small to be detected with our apparatus and 
are not considered in the final figures. However, all data were corrected to 37 °C. , 
the observed values being multiplied by the factor 310 ~ (273 + t°C.). The 
actual temperature in the capillaries during the perfusion was less than 37°C. by 
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an amount which varied with the rate of blood flow; an error not exceeding +2 
per cent may arise from neglect of this factor. 

experemental 

1. The effects of arterial pressure on the limb weight. Figure 2 shows the effects 
of variations in arterial pressure on the limb weight and blood flow, the venous 
pressure and the protein pressure remaining constant. The arterial pressure was 
initially set to maintain the limb at constant weight. A sudden rise from 91 to 
110 mm. Hg produced an initial increment of weight followed by a slow steady 
gain in weight. Presumabl}'" the initial rise is a result of an increased vascular 


TABLE 1. Comparison of protein concentration with protein ' osmotic pressure 



% 

IPROTEIN 

CONCENTRATION 

rROTEIS OSMOTIC PRESSURE, Sni. Hg 

SAMPIX 

Observed 

'Calculated from 
protein concen- 
tration 

1. Cat plasma 

tramsIJOO ct . 

4 S 

13.6 zfc.7 1 

14.7 ±.2 

14.0 

2. Bovine albumin pH 5.7 

4 1 

! 14.3 

3. Cat plasma 

5 2 

16.2 db.6 

16.0 

4. Cat plasma 

6.0 

20. S ±.S 

20.6 

5. Cat plasma 4- bovine albumin 

S.7 

45.3 ±.S 

50.1 





' Calculated from protein nitrogen with exception of sample 2 which was estimated from 
the density. We are indebted to Dr. Hegsted and members of the Department of N^utrition, 
Harvard Medical School, for performing the Kjeld.ahl analyses. 

- Calculated from the equation of Brown, Batchelder and Scatchard (12) as modified by 
Scatchard (15): 

268(1 - 0.64gr)c 
“ 1 - (0.4 + 0.9pH)c 

where t = protein osmotic pressure, mm. Hg; c = protein concentration, g./cc; g — ratio 
of globulin to total protein. We assumed that in normal cat plasma g = 0.42, corresponding 
to an A :(? ratio of 1.4. Electrophoretic studies of Deutsch and Goodloe (10) indicate that 
the actual A:G ratio in cat plasma is 0.7. However, a large proportion of the globulin 
fractions are proteins of low molecular weight which produce the osmotic equivalent of a 
higher A:G ratio. Kjeldahl anaL’ses of the above samples after precipitation with lva2S04 
yielded ‘apparent A:G ratios’ of 1. 3-2.0. 


volume beyond the arterial system, for it is abolished if the arterioles are con- 
stricted with adrenaline. Nor is it present if the capillary pressure is maintained 
constant by simultaneous lowering of the venous pressure as shomi in figure 4. 
The slow' steady gain in weight (-1-0.26 gi’ams/min.) is presumably a result of 
filtration of fluid from blood to tissues. Wien the arterial pressure was restored 
to its initial value, the vascular volume w'as also restored, followfing which the leg 
w'eight remained constant at a new level corresponding to the amount of fluid 
wdiich had been filtered. The arterial pressure W'as then low'ered below the value 
necessary to maintain constant weight. Exactlj' analogous changes of w'eight 
resulted except that they w'ere of opposite sign. The slow steady loss of w'eight 
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Fig. 2. The effects of arterial pressure on limb -weight. A rise of arterial pres- 
sure abo-ve the isogra-vimetric value (91 mm. Hg) produced a sudden increase in limb -u'eiglit 
(increased vascular volume) followed by a slow rate of gain of weight of 4-0.26 gram per 
minute (filtration rate). Exactly analogous changes, but of opposite sign, followed a fall 
in arterial pressure below the isogravimetric value (absorption rate —0.28 gram per minute) . 
The time required to complete changes of vascular volume is variable and must be con- 
sidered in determining the final slope. Slight alterations in venous pressure occurred 
owing to the changed pressure drop across the venous cannula at each different rate of 
blood flow; corrections for this variation are made as described in text. The arterial 
pressure scale is corrected for the pressure drop across the arterial cannula. 

Fig. 3. The effects of venous pressure on limb weight. A rise of venous pressure 
produced an initial small increment in limb weight (vascular volume) followed by a slow 
sustained rate of gain of weight of 4-0.17 gram per minufe (filtration rate). Exactly 
analogous changes, but of opposite sign, followed a fall in venous pressure (absorption 
rate —0.21 gram per minute). The arterial and protein osmotic pressures remained con- 
stant. The time required to complete changes of vascular volume is variable and must be 
considered in determining the final slope. Note that the alterations in venous pressure, 
although small, produced detectable and reversible changes of blood flow as well as easily 
measurable rates of fluid transfer. 

Fig. 4. The isogravimetric state. This record illustrates the method of obtaining 
isogravimetric values for arterial pressure and blood flow. The tendency for each stepwise 
decrement in arterial pressure to cause absorption (as in fig. 2) is compensated for by in- 
creasing the venous pressure until the limb weight remains constant. In order to maintain 
the weight as constant as illustrated it was necessary to adjust the venous pressure within 
0.3 mm. Hg and the arterial pressure within 2 mm. Hg. The isogravimetric capillary pres- 
sure and postcapillary resistance to blood flow are determined from the isogravimetric 
blood flow and the isogravimetric venous pressure as illustrated in figure 5. Indicated 
pressures must be corrected for the pressure drop across the cannulae at each rate of blood 
flow. Note that there are no changes of vascular volume such as those found with an un- 
compensated change of either arterial or venous pressures (figs. 2 and 3). This suggests 
that the principal site of change in vascular volume is the capillary bed; alternatively, 
changes in volume on the arterial side of the capillary circulation must be exactly counter- 
balanced by the changes in volume on the venous side of the capillary circulation. 


(-0.28 grams/mm.) is presumablj^ a measure of the rate of absorption of fluid 
from tissues to blood. 
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DISCUSSION 

In the intact animal changes of arterial pressure are generally associated with 
complex changes in mean capillary pressure oiving to simultaneous alterations in 
vascular tone. It is therefore not surprising that in the whole animal a rise of 
arterial pressure may cause filtration (17), absorption (18) or no detectable 
change in fluid balance (19). The results illustrated in figure 2 and in the re- 
maining sections of this paper clearly demonstrate the quantitative relations 
between arterial pressure and rate of filtration or absorption when all other knorni 
factors are maintained constant. 

2. The effects of venous pressure on the limb weight. Figure 3 shows the effects 
of variations in venous pressure on the limb weight, the arterial and protein pres- 
sures being maintained constant. The effects are similar to those produced bj’’ 
arterial pressure except that the changes of venous pressure required to produce 
comparable rates of filtration or absorption are one-fifth to one-tenth as great 
(compare fig. 3 with fig. 2). Thus an easily measurable rate of filtration is 
brought about by a rise of 4 mm. Hg in the venous pressure and a detectable 
effect results from a change of 0.5 mm. Hg or less. 

3. The ‘isogravimelric state.’ It will be clear from paragraphs 1 and 2 above 
that there e.xist an infinite number of pairs of values of arterial and venous pres- 
sures at which the leg will remain at constant iveight. Thus the tendency to 
absorb, caused by a given reduction in arterial pressure, can be counterbalanced 
by raising the venous pressure until no net transfer of fluid occurs between blood 
and tissue (constant weight). Such an experiment, in which seven pairs of ‘iso- 
gravimetric’ arterial and venous pressures were obtained, is illustrated in figure 4. 
It is evident that if the arterial pressure is progressively lowered and the venous 
pressure raised to maintain constant iveight there vdll come a point at which the 
venous pressure will equal the arterial pressure. Under these conditions there 
will be no pressure drop along the vascular tree and both the arterial and venous 
pressures will equal the capillary pressure. Since, by the terms of the experi- 
ment, there is no net transfer of fluid, this value of capillary pressure (isogravi- 
metric capillary pressure) is equal and opposite to the sum of all pressures oppos- 
ing filtration. 

As pointed out by Green (20) the mean capillary pressure will be slightly less in the 
upper (ventral) half of the preparation than in the lower half. There will therefore be 
some transfer of fluid in the isogravimetric state even when the arterial and venous pres- 
sures are nominally equal. The average thickness of the hindlimb is about 2.5 cm. The 
mean capillary pressure in the top half is therefore about 0.5 mm. Hg less than in a hori- 
zontal plane bisecting the leg. This difference is by no means trivial since a change of 
0.5 mm. Hg in mean capillary pressure regularly produces a detectable change in rate of 
fluid exchange in this preparation (section 2, fig. 9, table 3) . In the isogravimetric state 
we therefore suppose that absorption occurs in the upper half of the preparation at a net 
rate of about 6 mgm. per minute per 100 grams tissue, while an equal rate of filtration 
takes place in the lower half even when arterial and venous pressures are nominally equal. 

The isogravimetric capillary pressure cannot be obtained directly by equalizing 
arterial and venous pressures without disturbing the physiological properties of 
the capillaries because, when the arterial and venous pressures are equal, there is 
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Fig. 5 The deterjiixation of isogravimetbic quantities. Each point on the Eraub 
was obtained as illustrated in figure 4-the blood flow was altered by varying Jhe arfSl 

adjusted to maintain constant weight. Atlero flow the 
re IS everywhere equal along the vascular tree and, by the terms of the experiment 
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tlJi. tu blood fioii the pressure at the arterial end of the capillary bed is greater 
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flow of blood in the arterioles Tlie be a result of anomalous viscous 
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flow on the venous side of the eanillarv Mc/c i i \ f The resistance to 

independent of the flow rate. ^ (postcapiilary resistance) is substantially 
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no blood flow. However, its value may be estimated by plotting the difference 
between isogravimetric arterial and venous pressures (abscissa) against the iso- 
gravimetric arterial or venous pressures (ordinates) and extrapolating to zero 
pressure difference. The intercept on the ordinate is then the isogravimetric 
capillary pressure. 



Fig. 8. The effective osmotic pressure of the plasma proteins in the hihdiimb 
capillaries of cats and dogs. The mean hydrostatic pressure in the capillaries required to 
prevent net transfer of fluid is slightly less than the (in vitro) osmotic pressure of the 
plasma proteins over the entire range of protein concentrations so far investigated. e 
mean difference between these two quantities is 1.7 mm. Hg as compared with a stan ar 
error of measurement of 0.54 mm. Hg. In all probability this difference arises from a sma 
concentration (0.7 ± .2%) of protein in tissue fluid bathing the external surfaces of the 
capillaries as explained in the text. At normal plasma protein pressures (23 2 S) 

the effective osmotic pressure acting across the capillary membranes is 93 ± . per cen 
of the protein pressure as measured across a collodion membrane in vitro. ^ 

Fig. 9. Fnuin exchange in the hindlimb of a cat. The rate of fluid e.xc ange is 
simply proportional to the difference between the mean hydrostatic pressure in t e capi^ 
laries (pC = Qr, + pV) and the sum of all pressures opposing filtration (isogravimetric 
capillary pressure, pCi); it is independent of the absolute value of these quanti les. e 
results of figures 8 and 9, taken together, show that the Starling Hypothesis may be applied 
with some precision to the hindlimbs of cats and dogs perfused under the specialized condi- 
tions of these experiments. 

In practice tbis method of determining the isogravimetric capillary pressure is 
not the most precise one owing to the fact that the extrapolation is alinear. s 
alinearity will be discussed in greater detail below; it arises from the comp ex 
relations between pressure and flow which obtain when whole blood is emp o;^ 
for perfusion. The difficulty may be avoided by considering the relations e- 
tween isogravimetric blood flow and isogravimetric venous pressure in the o ow 
ing analysis. 
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4. The determination of capillary quantities. Definition of symbols: the follow- 
ing notation will be employed in the remaining sections of this paper. 


pA = arterial pressure, mm. Hg 
pV = venous pressure, mm. Hg 
pC = mean capillary pressure, mm. Hg r, 
xp = osmotic pressure of plasma proteins, 
mm. Hg 

irt = osmotic pressure of proteins in tissue 

fluid, mm. Hg f 

Q = blood flow, cc./min. 

Ta == (pA — pC) -r Q = resistance to blood i 
flow from artery to effective midpoint 


of capillaries (pre-capillary resist- 
ance). 

= (pc — pY) -i- Q — resistance to blood 
flow from effective midpoint of capil- 
laries to vein (post-capillary resist- 
ance). 

= subscript referring to isogravimetric 
conditions. 

= rate of filtration (-b) or absorption 
(— ), grams/min. 


Rearranging the definition of we have, in the isogravimetric state 

pCi - QiTp -f- pV i 

In order to solve for pCi , plot Qi (abscissa) against pV i (ordinate) from data 
similar to that shown in figure 4. Extrapolate to zero flow; when Q, — 0, pCi = 
pV i . Such a plot is show in figure 5. It is seen that the relation between Qi 
and pV i is linear over a wide range of values and that the extrapolation to zero 
flow may be made vith an uncertainty of less than 1 mm. Hg. The slope of the 
line is r* , which is constant and independent of flow. 

Presumably both filtration and absorption occur at all finite values of blood 
flow in the isogravimetric state. Thus when pFi is small and Qi large (fig. 5), 
the pressure drop along the capillaries is also large; filtration occurring at the 
arterial ends or along the entire length of some capillaries is counterbalanced by 
equal absorption at the venous ends or along the entire length of other capillaries. 
But as the flow is reduced the pressure drop in the capillaries is also reduced 
until, at zero flow, the pressure is everywhere equal along the capillary and no 
fluid exchange takes place along its length. It is of importance for the subse- 
quent development in this paper to note that the value of is unaltered by the 
changes of flow or of filtration and absorption. 

A similar analysis can be made on the arterial side of the capillary circulation 
using the definition pC ,• = pA ,■ — Q^tg . In this case, however, it is found exper- 
imentally that the relation bet^veen Qi and pAi is not linear. Since pC,- is con- 
stant (isogravimetric conditions) it follows that , the precapillaxy resistance to 
blood flow', must vary wdth flow'. This is illustrated in the experiment of figure 6 
in wduch the precapillary resistance w'as more than doubled as the flow was de- 
creased by reducing the perfusion pressure. The postcapillary resistance (r„), 
determined simultaneously, remained constant. 


DISCUSSION 

This increase in precapillaiy resistance at low flow's is not unexpected. It was 
found by Pappenheimer and Maes (21) and by Green et al (22) that the overall 
resistance to blood flow' (r„ + r^ increases greatly at low' flow's and that the effect 
is most prominent in constricted vessels. The former workers attributed the 
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effect to the anomalous viscous properties of the blood, for it was not present 
when Ringer’s solution was substituted for blood. The data now presented (fig. 
6) show that the entire effect is localized in blood vessels proximal to the effective 
midpoint of the capillaries. It may be inferred that the blood vessels on the 
venous side of the capillary circulation have dimensions such that anomalous 
flow effects are too small to be of significance; in this respect they resemble fully 
dilated arterioles. Six of the present series of experiments have been conducted 
with plasma containing relatively few corpuscles (hematocrit about ten per cent). 
Under these conditions the precapillarj’' resistance (ro) varied onlj'' slightly ^^dth 
changes of flow, thus confirming and extending the earlier observations m'th 
Ringer’s solution. 

I^fliile the resistance to blood flow is not the principal subject of this paper, it 
may be pointed out that the resistances to flow on either side of the capillary 
circulation have not previously been measured, although they are major factors 
determining the mean capillary pressui’e and the rate of fluid transfer as pointed 
out by Bayliss and Starling (23). The dependence of mean capillary pressure on 
arterial and venous tone may be stated quantitatively by combining the defini- 
tions of Ta and given above and solving for pC. 


pC 


pA -1- pV 

'^a 

1 + ’-^' 


It is seen that at any given values of arterial and venous pressures the mean 
capillary pressure depends solely on the ratio of the postcapillaiy to precapillaiy 
resistances to blood flow. Since r,. and Va are now measurable the way is open for 
the quantitative study of factors affecting the mean capillary pressure. 

5. Comparison of the isogravimelric capillary pressure with the osmotic presswe 
of the plasma proteins. The isogravimetric capillary pressure determined as de- 
scribed above is equal to the sum of all px’essures opposing filtration. It is of 
interest to compare its value with the osmotic pressure of the plasma proteins as 
determined with an artificial semipermeable membrane in vitro. Figure 7 sho^ys 
the effects of alterations in protein concentration on isogravimetric quantities in 
one experiment. It is seen that the protein osmotic pressure as measured in 
vitro (ttp) was approximately 2 mm. higher than the isogravimetric capillary 
pressure at each of the two protein concentrations employed. Note that the 
postcapillary resistance to blood flow (rf) remained approximately constant 
throughout the measurements; alterations in postcapillaiy resistance, produced 
by the infusion of drugs or other procedures, do not affect the value of pCi if the 
protein concentration is constant. 

The results of 22 such comparisons of pC, with irp are summarized in figme 8. 
The upper (broken) line represents the theoretical values which would obtain if 
the isogravimetric capillary pressure were equal and opposite to the (in vitro) 
protein pressure. The lower solid line is the best straight line drawn through the 
experimental points (method of least squares). It is seen that the capillarj’^ hy- 
drostatic pressure in the isogravimetric state is, on the average, one to 2 mm. 
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Hg less than the protein pressure as measured in vitro over the range of protein 
pressures so far investigated. Thus, 

vCi = 0.957rp - 0.5G S.D. = ±.6 mm. Hg 

S.E. = S.D. -i- Vn = 0.34 mm. Hg. 


If no other forces (e.g., tissue pressure) were involved, the results of figure 8 could 
be explained on the basis of a concentration of protein in tissue fluid sufficient to 
exert an osmotic pressure of 1 mm. Hg in the lower range of protein concentra- 
tions and 2 mm. Hg in the higher range. It may be noted that tissue pressure 
would act to increase pCi with respect to -Xp . Thus if the protein concentration 
were reduced to zero we should expect that a positive hydrostatic pressure in the 
capillaries would be required to counterbalance tissue pressure. Actually the 
extrapolation to zero protein pressure (fig. 8) intercepts the capillaiy pressure axis 
at a negative value (—0.6 mm. Hg), a result which would be difficult to explain 
in terms of tissue pressure but which would be expected if a small concentration 
of protein remained in the tissue fluid. Further evidence will be given below 
(Section 6B) that the tissue pressure is in fact negligible under the conditions of 
these experiments and we make the provisional conclusion that the isogravimetric 
capillary pressure is equal and opposite to the effective osmotic pressure of the 
plasma proteins. 

pGi = (TTp — vt) = effective protein pressure across capillary membranes. 


If this conclusion is correct we have for nonnal plasma {xp = 25 mm. Hg) 


pCi 


- 1 ) 


TTn 


= 0.93, whence the effective osmotic pressure of the plasma pro- 


teins within the living capillaries is 93 per cent (standard error ±1.5 per cent) of 
the osmotic pressure measured with a collodion membrane in vitro. The mean 
value of xi under these conditions is 1.7 ±0.4 mm. Hg, a pressure which would 
be expected in fluid containing 0.8 ± .2 grams plasma protein per 100 cc. This 
estimate of protein in tissue fluid is too high if albumin and low molecular weight 
globulins constitute the principal protein fractions of the capillarj’- filtrate. 
Electrophoretic studies of serum exudates (24) and of lymph (25) suggest that a 
partial sieving action does occur, and in this case our estimate of protein in fluid 
bathing the capillary walls would be closer to 0.7 ± 0.2 per cent. 

The close correspondence between isogravimetric capillary pressure and plasma 
protein pressure is maintained only in the first few hours of perfusion and the 
data given above were obtained in this period. After 4 to 6 hours the isogravi- 
metric capillary pressure diminishes; in a typical experiment it remained witlfin 
90 to 95 per cent of the plasma protein pressure for the first four hours of per- 
fusion, but fell to 70 per cent in the fifth hour and to 30 per cent after six hours 
of perfusion. Presumably this is a quantitative expression of failure of the capil- 
larj’’ membranes to retain plasma protein after prolonged perfusion. 


DISCUSSION 

The isogravimetric capillaiy pressure is, on the average, 1.7 ± 0.4 mm. Hg less 
than the osmotic pressure of the plasma proteins and this value is equivalent to 
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a protein concentration of 0.7 ± .2 per cent in fluid bathing the external surfaces 
of the capillaries. Inspection of table 2 shows that this concentration is slightly 
greater than estimates of protein in capillary filtrate (26) or in lymph obtained 
during venous congestion (27). On the other hand it is considerably less than 
the protein concentration in small samples of lymph collected during massage of 
the resting dog’s leg (28). It is clear that these results do not confii-m the view, 
originally expressed by Starling (1) and repeatedly stated by Drinker (29-31), 
that the composition of tissue fluid is identical with that of lymph. Indeed, it 
appears unlikely that the protein concentration of tissue fluid is at any time uni- 
form throughout the interstitial spaces. The diffusion coefficients of the plasma 
proteins are such that relatively large concentration gradients are possible be- 


TABLE 2. Protein composition of tissue fluids 


FLUID 

PROTEIN' 

NUIIBER OP 
OBSERVATION'S 

REFERENCES 

1. Capillary filtrate in human fore- 
arm during venous congestion 
(60 mm. Hg) 

c = 0.3±0.3% 

4 

(26) 

2. Lymph from dog’s leg during 
venous congestion (40 to 60 
mm. Hg) 

c = 0.2% 

1 

(27) 

3. Average tissue fluid bathing ex- 
ternal capillary surface in per- 
fused limbs of cats and dogs 

r = 1.4±0.4 mm. Hg. 
c = 0.7±0.2% 

22 

Present data 

4. Lymph obtained during massage 
of quiescent limb (dog) 

5r = *7.5±.8 mm. Hg. 
c = 1.9d:0.2% 

8 

(28) 


1 This value is larger than would be predicted from the observed protein concentration. 
The osmotic pressure of a 1 .9 per cent solution of pure albumin in .15 molar NaCI at pH 7 .3 
is 6.1 mm. Hg (13) and that of a 1.9 per cent solution of plasma proteins is less than 5.0 mm. 
Hg. 

tween tissue fluid undergoing absorption at the venous end of the capillaries and 
tissue fluid composed of freshly formed capillary filtrate at the arterial end of the 
capillary. Even if all filtration and absorption processes were stopped, some 20 
minutes would be required to reach 90 per cent equalization of protein concen- 
tration over a distance of 50 microns. As pointed out by Landis et al. (26), the 
protein content of lymph may lie anywhere between that of capillary filtrate (as 
in venous congestion) and that of tissue fluid immediately adjacent to capillarj’' 
areas taking part in the absorptive process. On this hypothesis our estimate of 
protein in tissue fluid represents an average concentration lying between these 
two extremes. 

6. Filtration and absorption. A. The filtration coefficient. Once hav- 
ing determined in the isogravimetric state, it is possible to compute the value 
of the mean hydrostatic pressure , in the capillaries when the arterial or venous 
pressures are altered so as to produce net filtration or absorption as in figures 2 
and 3. Thus the value of was found to be independent of the blood flow (figs. 
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5, 6 and 7) and of changes in filtration or absorption of fluid along the capillary 
wall (section 4). The mean hydrostatic pressure in the capillaries following ah 
uncompensated change of arterial or venous pressure is then given by the relation 

pC = Qr, + pV 

where r, is obtained in the isogravimetric state but Q and pV are no longer iso- 
gravimetric quantities. 

The mean pressure head across the capillary membranes available for filtration 
or absorption is pC — p(7i for the latter term is equal to the sum of all pressures 
opposing filtration. Figure 9 shows the relation between the pressure head across 
the membranes and the rates of net filtration (+ F) or net absorption ( — F). The 
rate of fluid exchange is simply proportional to the pressure difference across the 
capillary membranes. Black circles are points obtained with undiluted blood 
with a measured osmotic pressure of 16.0 mm. Hg. The crossed points were 
obtained after concentrated bovine albumin was added until the protein osmotic 
pressure was 50.1 mm. Hg. The two sets of points do not differ significantly. 


TABLE 3. Filtration coefficients of perfused hindlimbs 


SPECIES 

niTEATJON COErPICIENT K = CRAUS/lUN/JIM Hg/100 GEAUS MSSDE 

Jlean 

[ Error of mean 

[ Standard deviation 

Cats (14) 

0.012 



Dogs (4) 

0.014 ! 

1 




The rate of fluid exchange is therefore independent of the absolute values of capil- 
lary and protein pressures and depends only on the difference between the mean 
capillary pressure (pC) and the effective protein osmotic pressure (pC*-). Thus, 

±F = 2C(pC - pCi) 

where the proportionality factor (iC) may be termed the ‘filtration coefficient’ of 
the capillary membranes. The mean value of K in the hindlimbs of 14 cats was 
0.012 grams per minute per mm. Hg pressure difference across the capillary mem- 
branes per 100 grams tissue. The value was not significantly different in the 
hindlimbs of four dogs (table 3). 


DISCUSSION 

The results of figure 9 show that the rate of flow of fluid passing in either direc- 
tion across the capillary membranes is simply proportional to the difference be- 
tween the inean hydrostatic pressure in the capillaries and the sum of all pres- 
sures opposing filtration. Evidence has been given above that the latter term is 
equal to the effective osmotic pressure of the plasma proteins. These results, 
taken together, show that the Starling Hypothesis may be applied with some pre- 
cision to the hindlimbs of cats and dogs perfused under the specialized conditions 
of these experiments. 
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The values of table 3 may be compared with estimates of filtration rate in the 
intact human forearm. Landis and Gibbon (32) found that a rise in venous pres- 
sure of 10 cm. HaO produced, on the average, a filtration of 0.033 cc. per 100 cc. 
forearm per minute. Assuming that a rise in venous pressure of 10 cm. HjO 
produces an increment of 8 cm. HaO in mean capillaiy pressure, the ‘filtration 
coefficient’ of the human forearm would be 0.0055 gram/min/mm. Hg/100 grams 
tissue or less than half that of the isolated perfused hindlimb of the cat or dog. 
This difference may be an expression of a smaller capillary surface per unit volume 
of tissue in the human forearm, a difference which is suggested also by the abso- 
lute value of the blood flow, which is generally reported to be less per unit tissue 
volume in the human forearm (33-35) than in the extremities of dogs or cats 
(36-38). 

Proportionality between pressure head and flow is characteristic of the viscous 
flow of fluids through artificial porous membranes. From this point of view it 
will be interesting to determine if the filtration coefficient of the capillaiy mem- 
branes varies inversel 3 ’- with the viscosity at different temperatures as found with 
artificial porous membranes (39). 

B. The effects of prolonged filtration and absorption. The results 
illustrated in figures 1 and 2 show that net filtration or absorption of small quan- 
tities of fluid (less than one gram per 100 grams tissue) occur at a constant rate 
following an increment or a decrement in mean capillary pressure. Evidence has 
been given by Krogh, Landis and Turner (40) and by Landis and Gibbon (32) 
that continued net filtration increases tissue pressure in the human forearm, 
thereby causing a progressive decrease in the rate of filtration following an incre- 
ment in venous pressure. Continued net absorption, on the other hand, must 
eventually be limited by the volume and protein content of the fluid originally 
present in the tissue spaces, a limitation which was clearly envisioned by Starling 
(1) but which has never been evaluated experimentally. 

Figure 10 shows the relations between the volume of tissue fluid and the total 
pressure opposing filtration (isogravimetric capillary pressure) in an isolated 
hindlimb of a dog. The design of the experiment was as follows. The tissue 
fluid was first concentrated bj'' allowing net absorption to take place; capillary 
pressure was then increased above the isogravimetric value and 68 grams of fluid 
filtered from plasma to tissue fluid. The filtration process w'as interrupted at 
intervals in order to obtain isogravimetric A'^alues. Approximately five hours . 
were required to complete the experiment. 

It is seen that the isogravimetric capillarj’' pressure obtained at minimum limb 
weight was only two-thirds of the plasma protein pressure. Presumably this is a 
result of the previous prolonged absorption with resulting concentration of pro- 
tein in tissue fluid and diminution of effective osmotic pressure of plasma proteins. 
Filtration of 15 grams of fluid into the tissue spaces diluted the tissue fluid pro- 
teins by an amount sufficient to increase the isogravimetric pressure to 92 ± 8 
per cent of the plasma protein pressure. Further filtration of 33 grams did not 
increase this value significantly and in this latter range of tissue fluid volumes the 
rate of filtration remained constant following an increment in capillary pressure. 
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In another experiment of this type filtration was continued until 175 grams of 
fluid had been filtered into the tissue spaces. (65 per cent of the initial weight of 
the limb). Conditions were made such that the osmotic pressure of the proteins 
was only a small fraction of the total filtration pressure by diluting the plasma 
with a large volume of Ringer’s solution and raising the mean capillary pressure 
to an abnormally high value. The results are summarized in table 4. 

It is seen that the filtration rate remained constant until 90 grams of fluid 
had been filtered. The limb appeared moderately edematous at this time. 


JSOCSWIUETBIC C*PILL*Br PRESSURE RELATIVt TO EFFECTIVE OSMOTIC PRESSURE 

PLASMA PROTEIN PRESSURE I pCi*TTpl ’ BFl ATIVE TO PLASMA PROTEIN 


FIG. II 
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Fig. 10. The effects of psolonged fieteation in pheviously dehydhated lijib. 
The isogravimetric capillary pressure rises rapidly at small tissue fluid volumes but re- 
mains relatively constant over a wide range of higher tissue fluid volumes. Presumably 
this is the a result of dilution of protein in tissue fluid with capillary filtrate, which must 
contain protein in concentration less than that of tissue fluid at the end of the filtration 
period (0.5%) . The smooth curve and the tissue fluid volume scale are calculated from the 
relation V = (Go + [P]/ -Alf) [P]( as explained in the text. 


Fig. 11. The effective protein osmotic pressure reeative to true protein osmotic 
PRESSURE following the addition of bovine albumin to the perfusing blood. Bovine al- 
bumin, unlike concentrated homologous plasma, is not retained by the capillary membranes 
in the hindlimbs of cats or dogs perfused under the conditions of these e.vperiments. 


Further filtration occurred at a progressively slower rate and this we attribute to 
developing tissue pressure for the protein pressure opposing filtration remained 
a small fraction of the mean capillary pressure. Evidently the isolated hindlimb 
differs from tbe human forearm in that tissue pressure does not become a signifi- 
cant factor opposing filtration until the limb is grossl}'' edematous. 

^ The results illustrated in figure 10 may be employed to estimate the volume of 
tissue fluid and the protein composition of the filtrate. Thus, 

jr -Go + [P]fAW 
\P]i 

where F == volume of tissue fluid, Go = total quantity of protein in tissue fluid 
at start of filtration, [P]/ = concentration of protein in capillary filtrate [Ph = 
concentration of protein in tissue fluid = - pC,-), = relation between 
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protein concentration and protein osmotic pressure given in table 1 and ATF = 
increase in weight of limb during filtration. 

This equation was employed to construct the 'tissue fluid volume’ scale on the 
abscissa of figure 10. The protein concentration in capillary filtrate correspond- 
ing to the calculated curve is 0.3 per cent; this value best fits the observed data 
but other values, within the range 0.2-0 .4 per cent, lie within the range of anal3rbi- 
cal errors. 


DISCUSSION 

Starling (1) considered the protein in tissue fluid to be an important factor in 
the regulation of the fluid exchange. To quote (p. 394): "With diminished 
capillary pressure there vdll be an osmotic absorption of salt solution from the 
extravascular fluid, until this becomes richer in proteids; and the difference be- 
tween its (proteid) osmotic pressure and that of the intravascular plasma is equal 


TABLE 4. Prolonged filtration and edema formation 
Mean capillary pressure 53 zfc 3 mm. Hg. Protein pressure 
9-13 mm. Hg. Initial weight of limb 270 grams 


TIME 

AMOUNT FILTERED 

riLTRATION KATE GEAUS/ 
MIN. IN 20-MINCTE PEEIOD 

VISIBLE EDEMA 

minutes 

grams 



0 i 

0 

— 

None 

20 

45 

2.25 

-b 

40 

90 

2.25 

-b-f 

60 

126 

1.80 

+-b+ 

80 

155 

1.45 

-b-b++ 

100 

171 

0.80 

-b-b++ 


to the diminished capillary pressure.” A consideration of figure 10 shov^ that 
concentration of extravascular protein does in fact occur, but only after relatively 
large quantities of tissue fluid have been absorbed. In the intact animal the 
effective osmotic pressure would be diminished by dilution of the plasma proteins 
long before the concentration of protein in tissue fluid became a sigmficant 
factor. It therefore appears likely that the principal osmotic factor regulating 
the fluid exchange normally involves changes in plasma protein concentration 
rather than changes in the protein concentration of extravascular fluid. 

7. Foreign •protein. In four experiments (three cats, one dog) bovine albumin 
was added to the perfusion reservoir. Two preparations of albumin were em- 
ployed, a) Armour Co. ‘Fraction V’ which is said to contain about three per cent 
of impurities in the form of globulin fractions and acetate buffer; 5) crystalline 
bovine albumin prepared by the Armour Co. The albumin was added in a 25 
per cent solution titrated to pH 7.4. The results were similar for both prepa- 
rations. 

Figure 11 shows the effective osmotic pressure relative to plasma protein pres- 
sure before and after the administration of albumin. One hour after the addition 
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of albumin the effective osmotic pressure across the capillary membrane was only 
50 per cent of the protein pressure, a value which would obtain if the protein in 
tissue fluid were sufficient to exert an osmotic pressure of 20 mm. Hg (equivalent 
to 4.9 per cent albumin). Evidently purified or crystalline bovine albumin, 
unlike concentrated homologous plasma, is not retained by the capillary mem- 
branes in the hindlimbs of cats and dogs perfused under the conditions of these 
experiments. The reasons for this leakage are not clear; Heyl, Gibson and Jane- 
way (41) found that crystalline bovine albumin is as effective as reconstituted 
human plasma in the restoration of blood volume following hemorrhage in 
humans. 

Despite the large and progressive leakage of bovine albumin through the capil- 
lary membranes, the filtration coefficient remained unaltered. This is illustrated 
in figure 9 in which the net rate of fluid exchange for any ^ven difference between 
mean capillary pressure and effective osmotic pressure was the same before and 
after albumin was added, although the effective osmotic pressure after the addi- 
tion of albumin diminished progressively from 40 to 15 mm. Hg. The filtration 
coefficient was similarly unaffected by the leakage of protein which occurred at 
the end of each experiment as described in section 5 above. Evidently the per- 
meability of the capillary wall to fluid is not necessarily related to the perme- 
ability to protein in the mammalian circulation. 

SXnUMAEY 

1. Methods are described for determining the following quantities in isolated 
perfused hindlimbs of cats and dogs. 

a) Mean capillary pressure (accuracy ±0.5 mm. Hg), 

b) Total pressure opposing net filtration of fluid from plasma to tissues (iso- 
gravimetric capillary pressure), 

c) Net rate of fluid transfer across capillary membranes, 

d) Resistance to blood flow from femoral artery to effective midpoint of capil- 
lary circulation and from capillary circulation to the femoral vein. 

2. The rate of net fluid exchange between plasma and tissue spaces may be 
delicately adjusted over a uide range of values by varying the arterial pressure 
(flg- 2), the venous pressure (fig. 3) or the protein osmotic pressure of the plasma. 
At any given protein pressure there are an infinite number of pairs of values of 
arterial and venous pressures at which no net transfer of fluid occurs; two or more 
pairs of such values define the mean hydrostatic pressure in the capillaries (fig. 5). 

3. The mean hydrostatic pressure in the capillaries at which no net transfer 
of fluid takes place (pC.) is 93 ± 1.5 per cent of the normal osmotic pressure of 
the plasma proteins (ir^). In the range of plasma protein pressures, 8 to 32 mm. 
Hg, the relation is given b}'^ 

pC i — 0.95irp — 0.56 (fig^ 8). 

Reasons are given for believing that pC,- is equal and opposite to the effective 
osmotic pressure of the plasma proteins. 

4. The mean pressure head available for net fluid transfer across the capillary 
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membranes is the mean capillary pressure minus the isogravimetric capillary 
pressure {pC — pCi). The rate of filtration or absorption is accurately prO' 
portional to this pressure head and is independent of the absolute protein or 
capillary pressures over a wide range of values (fig. 9). The proportionality 
constant is termed the ‘filtration coefficient’; its mean value in the liindlimbs of 
16 cats was 0.012 grams per minute per mm. Hg pressure difference across the 
capillary membrane per 100 grams tissue (table 3). 

5. Absorption of fluid following a decrement in capillarj’’ pressure continues at 
a constant rate until the proteins in tissue fluid become sufficiently concentrated 
to oppose continued absorption. However, the quantity of protein present in 
tissue fluid is so small that a large volume of tissue fluid must be absorbed before 
the protein osmotic pressure of tissue fluid is significantly increased. It therefore 
appears likely that the principal osmotic factor regulating the fluid exchange 
normally involves changes in plasma protein concentration rather than changes 
in the composition of tissue fluid. 

6. Filtration of fluid following an increment in capillarj'’ pressure continues at 
a constant rate until the limb becomes gi’osslj’' edematous (table 4). In contrast 
to the intact human forearm, tissue pressure does not limit the rate of filtration 
over a unde range of tissue fluid volumes. 

7. Crystalline bovine albumin, unlike concentrated homologous plasma, is not 
retained by the capillaiy membranes in the hindlimbs of cats or dogs perfused 
under the conditions of these experiments (fig. 11). 

8. The resistance to blood flow from the femoral artery to the effective mid- 
point of the capillary circulation increases greatly when the blood flow is dimin- 
ished by lowering the perfusion pressure (fig. 6). The effect is perhaps a result of 
anomalous viscous flow of blood in the arterioles; it is diminished or absent when 
the blood contains less than ten per cent red cells. The resistance to blood flow 
on the venous side of the capillary circulation is independent of flow even at 
normal corpuscular concentrations (figs. 5, 6 and 7). It is suggested that the di- 
mensions of the venules are such as to minimize the effects of anomalous flow. 

It is a pleasure to thank Prof. E. M. Landis, Prof. G. Scatchard, Dr. J. L. Oncley, Dr. 
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gestions in connection with these experiments. It is a pleasure also to acknowledge the 
technical assistance of Mr. Angelos Afentakis. 
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Acceleration, as developed by means of a centrifuge, has become a verj'" useful 
tool in biological research. Large displacements of movable components of the 
living organism may be brought about by such a force transmitted to the organs 
and tissues. Several aspects of the effects of acceleration on the circulatory 
system have already been reported (1, 2). In the present studj’’ an evaluation of 
the relative effects on the arterial pressure of g force as a function of time has 
been made. 


EXPERniENTAIi 


Apparatus and methods have been previously described (2). The experiments 
were carried out on a centrifuge of 10-foot radius. Dogs and monkeys (M. 
rhesus) under local or general (usually amytal) anesthesia were used. Blood 
pressure in the carotid and femoral arteries was recorded by means of an electric 
resistance manometer. E.C.G., E.E.G. and respiratory rate were also commonly 
recorded; these served to determine various bodily changes and as a guide to the 
animal’s condition. Most of the experimental runs were 5, 10, 15, 20, 25 and 30 
seconds in duration at both positive (chiefly) and negative acceleratory forces of 
1, 2, 3, 4 and (sometimes) 6 g. About 550 tests were carried out on dogs and 
about 450 on monkeys. 

In earlier work on the circulatory changes which occur imder exposure to high 
accelerations we considered among other features arterial pressure and flow re- 
lationships. Further useful and perhaps more significant measure of the circu- 
latory disturbance may be made on the basis of the overall rise or fall in arterial 
pressure from the base level in time during and immediately after acceleratory 
test. Such a shift may be determined by measurement on a graph of the area 
circumscribed by the experimental blood pressure curve connected by a line 
drawn horizontally from the initial (basal) to the final blood pressiue level at or 
shortly after the end of centrifugation. The circulatory change thus found may 
be described as the ptp area, in which p represents arterial pressure change 
(mm. Hg), and tp the time (seconds) from the first rise or fall in blood pressure 
until its return to normal. Determination of this area was accurately made with 
a planimeter. The acceleratory area (gtg) was measured similarly (fig. 1). 


1 Work carried out under a contract with the U. S. Nav 5 ', Office of Naval Research, and 
the University of Virginia. 
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An increase or decrease in arterial pressure under centrifugation may hardly 
be considered from the simple credit or debit viewpoint. It is nevertheless clear 
that reduction in blood pressure in arterial vessels supplying the head may con- 
stitute a serious fimctional loss or ‘deficiency’, and this term has been used in 
pertinent parts of this report. Emphasis has been made in a previous report of 
the significance of time and intensity factors in exposure to g forces (3). 

RESULTS 

Carotid arterial pressure deficiency. Average curves indipating the effect of 
various intensities and durations of g on the carotid arterial pressure of the mon- 
key and dog are given in figures 2 and 3. The monkey showed a marked post- 
centrifugal increase in blood pressure above the normal level; it rose to a peak 



Fig. 1. Graph showing components of carotid arterial pressure change during and after 
exposure to acceleratory forces (diagrammatic, monkey). 

Fig. 2. Carotid arterial pressure changes in the monkey during and after progres- 
sively increasing time exposures to 4 g. Arterial pressure levels, recorded continuously, are 
marked from second to second. Note post-acceleratory rises above the normal in blood 
pressure. 

at about 15 seconds, and fell off thereafter. In the dog there was usually no 
similar rise (or only a slight one) in arterial pressure (fig. 3). 

The data presented in table 1 demonstrate that for the dog the time required 
for the carotid arterial pressure to return to normal after centrifugation, at levels 
of 1, 2 and 4 g, was independent of the actual duration of the centrifuge test. 
However, tp— tg was directly proportional to the magnitude of the acceleratory 
force to which the animal had been subjected. In the case of the monkey, the 
time interval tp— tg was found to be practically independent of both duration and 
intensity of the exposure. 

In figure 4 the ptp areas for both animals tested were graphed against the corre- 
sponding gtg areas. The results showed in each case a straight line relationship; 
that for the monkey was given by the equation ptp area = 11.5 gtg area, and for 
the dog by ptp area = 21.5 gtg area. 

In the case of the dog a post-centrifugal fall in carotid arterial pressure was 
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not generallj^ observed following runs of 1 g; but at 2 and 4 g, post-acceleratory 
blood pressure deficiency areas were noted and measured (fig. 3; table 2). This 
secondary fall in arterial pressure seemed to be independent of the duration of 
the run, but increased directly with the intensity of g. 


FtG.O aR CHANGES UNDER 9- 
5-30 Sec. Tests Carotid Artery 
II Dogs: 173 Tests 



PIG. 4 

ARTERIAL PRESSURE DEFICIENCY AREAS 
ACCEL. 5-30 SEC. 

NO. TESTS: DOG, 138 

MONKEY, IIS > 


f-'T 


MftNnEY 


AREA 


Fig. 3. Carotid arterial pressure changes in the dog under different times and in- 
tensities of g. No post-accelerator 3 ' rises in blood pressure above normal occur in the dog, 
in contrast to the monkey (fig. 2). 

Fig. 4. Arterial pressure deficiency areas compared in monkey and dog. Under 
given conditions, far greater circulatorj:’ shifts occur in the dog than in the monkej' (see 
text). 


The above observations led to the investigation of the ptp.'gtg relationship 
from a somewhat different point of view. Four dogs were exposed in 43 experi- 
ments to different g forces for varying periods of time, so that the product of g 
and tg in all cases equalled 48 g-sec. Carotid arterial pressure curves were secured 
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TABLE 1. Carotid artebial pressure deficiency areas under acceleration 
Animals subjected to various intensities and durations of g 


No. of teats: monkey, 115; dog, 138 


ACCEI'ERATION 

ACTUAL 
TIME OE 
EXPOSURE 

TIME PROM INITUL 
DROP OP B.P. TO ITS 1 
RETURN TO NORMAL 

ACCEL- 

ERATORY 

AREAS 

tp“ 

■tg 

ARTERIAL PRESSURE 
DEPICIENCY AREAS 

Dog 

Monkey 

Dog 

^lonkey 

Dog 

Monkey 

g 

/ff sec. 

sec. 

Ig sec. 

Sh 



plp 

ptp 

1 

7.4 

9.0 

8.7 

5.0 

1.6 

1.3 

101 

76 

1 

13.1 

13.5 

14.0 

9.6 

0.4 

Mm 

223 

173 

1 

17.3 

18.5 

17.6 

13.5 

1.2 


423 

290 

1 

22.1 

23.5 

23.0 

18.2 

1.4 

■n 

478 

233 

1 

28.0 

28.0 

27.0 

22.5 

0.0 

: -1.0 

573 

304 

1 

32.5 ' 

33.0 

I 33.3 ' 

26.9 

0.5 

0.8 

844 ! 

1 337 

2 

7.S 

12.5 1 

6.9 1 

10,2 1 

4.7 

, -0.9 1 

171 

131 

2 

13.1 

21.5 

12.2 

19.5 

8.4 

-0.9 

502 

233 

2 

18.0 

21.5 

IS.O 

26.0 

3.5 


688 

348 

2 

23.0 

• 31.0 

23.5 

37.0 

s.o 

0.5 

878 j 

583 

2 

28.0 

34.0 

26.7 

46.5 

6.0 

-1.3 

1,290 j 

633 

2 

33.1 

37.5 

35.0 

57.0 

4.4 

1.9 

1,420 

839 

4 

7.4 

19.0 

9.4 

21.0 

11.6 

2.0 

456 

234 

4 

12.7 

25.0 

14.8 

40.0 

12.3 

2.1 

938 

475 

4 

17.2 

25.5 

18.0 

56.0 

8.3 

0.8 

1,270 

785 

4 

23.0 

34.5 

25.2 

80.0 

11.5 

2.2 

1,760 

1,020 

4 

28.0 

40.5 

32.8 

96.7 

12.5 

4.8 

2,070 

1.350 

4 

34.0 

51.0 

36.1 

119.0 

17.0 

2.1 

2,790 

1 

1,530 


TABLE 2. Post-acceleratoby carotid arterial pressure deficiency areas 


Dog: 138 runs 


g 

TIME OF EXPOSURE 

POST-CENTBIFUOAL A.P. 
DEFICIENCY AREAS 

g 

Time of exfosore 

post-centrifugal a.p. 

DEFICIENCY AREAS 


sec. 

Ph 


sec. 


1 

5-30 

0 

4 

5 

108 

2 

5 

(3) 

4 

10 

134 

2 

10 

39 

4 

15 

128 

2 

15 

16 

4 

20 

188 

2 

20 

73 

4 

25 

128 

2 

25 

33 

4 

30 

186 

2 

30 

43 





TABLE 3. 


s 


3 

4 

5 

6 


Acceleration and carotid arterial pressure deficiency areas 


g X tg = constant; dog; 43 tests 


TIME OF EXPOSUXE 

gx tg 

see. 


16 

48 

12 

48 

9.5 

48 

8 

48 


A.P. DEFICIENCY AEEAS 


Ph 

1,065 

1,054 
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TABLE 4. Comparison of arterial pressure areal changes in dog and 

MONKEY UNDER POSITIVE AND NEGATIVE g FORCES 


Exposure time, 10 sec. 


1 

! 

ACCELERATION | 

ANIMAL ' 

1 

NO. TESTS 

ARTERIAL PRESSURE AREA CHANGE 

CAROTID- 

FEMORAL 




Carotid Artery 

Femoral Artery 

DIFFERENCE 

+1 

Dog 


plp 

-128 

Ph 

+ 68 

-60 

+2 

<( 

178 

-274 

+242 

-32 

+3 



-438 

1 

+358 

-80 

+1 

Monkey 


- 92 i 

+272 

+180 

+2 

t C 

118 

-191 

+345 

+154 

+3 

<< 


-378 

+542 

+164 

-1 

Dog 


+ 84 

-200 

-116 

-2 

( t 

162 

+126 

-382 

-256 

-3 

(( 


+406 

-512 

1 

-106 

-1 

Monkey 


+208 

- 66 

+142 

-2 

.!( 

183 

+349 

-142 

+207 

-3 

{( 

i 

+578 

-265 

+313 



Fig. 5. Changes in carotid and femoral arterial pressures (areas) in the dog and 
monkey under exposure to positive and negative accelerations. 

and the ptp deficiency areas calculated. The study revealed clearly that for a 
given gtg value, the resultant ptp areas were a constant (table 3). 
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Positive and negative g effects compared. An analysis of arterial pressure areal 
changes shown by animals under positive and negative g forces also indicated 
striking differences in response of the inonkey and dog. Overall changes in the 
carotid and femoral arterial pressures have been reported in these cases (4) . The 
arterial pressure areal changes have now been determined from over 600 tests, 
and the data are shown in table 4. 

It is striking that in the case of the monkey compared to the dog there is less 
fall in the carotid and greater rise in the femoral pressure under positive g, and 
greater rise in the carotid and less fall in the femoral under negative g forces. In 
comparison with the overall arterial pressure deficiency observed in the dog, the 
monkey shows a considerable ‘credit balance’ in arterial pressure under both 
positive and negative accelerations. Further, and perhaps more important, cir- 
culation through the cerebral tissues appears to be better maintained in the 
anthropoid animal under stress than in the case of the dog (table 4, fig. 5). 

niscussiON 

In animals exposed to acceleratory forces, carotid arterial pressure follows a 
pattern which is expressed diagrammatically in figure 1, derived from several 
hundred experiments. After the main fall in arterial pressure (A), there occurred 
toward the end of the exposme a rather rapid increase in level (B), imtil a post- 
centrifugal pressure peak (C) was reached which was often higher than the initial 
or basal level. This peak was followed by a fall in arterial pressure (D) below 
the initial pre-test value, then a gradual climb toward the normal level (E). The 
post-centrifugal fall in arterial pressure may be a reflection of the transient 
functional disturbance caused by exposure to g forces. 

In the dog the time interval tp— tg (table 1) was dependent on the intensity of 
g; in the case of the monkey, on the other hand, return to normal pressure levels 
following centrifugation was practically independent of the intensity of the expo- 
sure up to 4 g. This observation is probably of importance in differentiating 
between the effect of acceleratory forces on quadruped (dog) and upright (mon- 
key) mammalian forms. The monkey and man as well, perhaps through vascular 
adjustments (reflexes, etc.) developed in the course of evolution to support the 
upright posture, are more resistant than lower forms to gravitational forces which 
may tend seriously to reduce blood pressure in the head end of the animal. 

Data on the reactions of man on the centrifuge have been derived from figures 
published by Wood et al. (5) and are included in figure 4 herewith-. It is clear 
that the resistance of man to acceleratory forces is equally as good as that shoum 
by Macacus rhesus, on the basis at least of arterial pressure reduction in the 
carotid vessel. 

It is essential to consider the various factors involved in relation to one another 
rather than separately. Two of the variables, g and tg, are independent; the 
others, d egree and duration of blood pressure reduction, are dependent. It is 

= Acknowledgement is made of the permission of the Mnyo Aeromedical Unit to compare 
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the area gt^ which determines the area of arterial pressure change, ptp; i.e., it 
does not matter how, for example, 100 gt^ units have been produced — they may 
have been produced by a short exposure to high g or a longer exposure to lower 
g — provided the gt,; areas are the same (within limits), the resultant ptp areas will 
be similar. For this reason the simple minimal level of blood pressm-e alone does 
not fully express the physiological difficulty during and responses after centrifu- 
gation. Earlier work from this laboratory also suggests that mortality follov'ing 
exposure to centrifugation is a direct function of the product of time and intensity 
of exposure to g (1). 


SUMMARY 

The reduction in carotid arterial pressure observed during exposure to acceler- 
atory forces (monkey, dog; 1-4 g, 5-30 sec.) may be considered as a blood pressure 
deficiency area (ptp). Thus, one may determine the carotid arterial pressure 
deficienc}'^ as a function of time. This area was found to be directly proportional 
to the intensity and duration of centrifugation (gt^), and for a given acceleratory 
area the circulatory deficiency'' area was a constant. 

Monkeys were found to be much more resistant to acceleration than dogs. 
In the monkey the arterial pressure deficiency areas on exposure to 1, 2 and 4 g 
were only about half as great as those in the dog; further, the recovery' areas 
(rebound) wore marked in the former and usually' absent in the latter case. 
Carotid arterial pressure reactions in man are similar to those of the Macaqtie. 

A comparison of dog and monkey responses under positive and negatwe g 
forces also indicated that circulation through the cerebral tissues was maintained 
better in the anthropoid type. The differences in response may be referable to 
the different stance and thus the reflex development of the two animal types. 
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Clinical papers (1, 2) testify to the increasing frequency with which sympa- 
thetic block and resection are being used in the treatment of the .peripheral vascular 
diseases, particularly those in which intermittent claudication is the chief manifes- 
tation. 

Herrick, Essex and Baldes (3) showed that the blood flow in the femoral artery 
in the sympathectomized limb of the dog was approximately double that of the 
normal side. They measured total blood flow which does not distinguish between 
the circulatory requirements of sldn and muscle. Grant and Pearson (4) 
pointed out the difference in behavior of the circulation in the distal and proximal 
parts of a human limb. The former, a measure of the skin circulation, responds 
to sensory stimuli and to adrenalin by vasoconstriction; the latter, the bulk of 
which is composed of skeletal muscle, responds to sensory stimuli not at all and to 
adrenalin by vasodilatation. They also showed that there was no difference in 
the hyperemia of exercise in a forearm deprived of its sympathetic innervation 
and its normal mate. Since then others, notably Wilkins and Eichna (5), have 
commented upon the lack of effect of sympathectomy upon muscle blood flow and 
have even intimated that such an operation might be harmful because vasodilator 
fibers also are sectioned. This part of their argument presupposes that such a 
system of nerve fibers actually e.xists. 

Our approach in clarifying the problem is based on a comparison of the blood 
flow in sympathectomized and normally innervated human limbs. 


METHOD 


Blood flow was measured by the venous occlusion method (6) which although 
indirect is reliable and readily applicable to the imanesthetized human. A 
water plethysmograph of the Abramson type (7) was used for the calf; for the 
foot, the apparatus described by Kunkel and Stead (8) was more satisfactory. 

Eleven of the 12 patients comprising this report had vascular disease in the 
lower limbs of varying degree and etiology. The remaining individual had per- 
sistent hjpertension for which the Smithwick operation was done. The high- 
lights of their clinical histories are incorporated in the tables. 

The interval between operation and our studies was as short as a week in some 
instances, while in others it was from six months to several years. In four acute 
experiments, the test limb also served as control, inasmuch as comparable blood 
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flow records Avere taken before and after operation. In the others, the contra- 
lateral limb served as control or the ‘normal’ for the individual. Such a compari- 
son was felt to be valid as intensive clinical examination of the peripheral A'^essels 
disclosed no striking difference between the tivo limbs. 

Although the segmental distribution of the autonomic neiwous system is still 
incompletely knovm in some respects, interruption of the ganglia at the level of 
L2 and L3 has been shown to produce effect from the level of the knee dovm (9), 
including the calf muscles. As a check on the adequacy of operation, determina- 
tion of the rise in skin temperature and of changes in the electrical resistance of 
the skin was made. These tests as well as the histological report on material 
removed at operation enabled us to state unequivocally that a sjunpathectomy 
had been done, that it was complete and that it included the test region. 

Tests were run with the patient seated comfortably in a chair ndth the leg 
outstretched and parallel to the ground. When blood flow to the calf was meas- 
ured, the circulation to the foot Avas eliminated bj’’ a tourniquet applied just 
distal to the plethysmogi’aph. 

An indifferent AA'ater temperature of 34 to 35°C. aars maintained on the en- 
closed segment of limb for 30 minutes. The room temperature Avas constant for 
each experiment but Amried betAveen 23°C. maintained during the AAunter season 
and 30°C. during the summer. Tliis is of little importance for circulation of the 
calf in AA'hich we Avere especially interested. We haAm confiimed Grant’s ob- 
servation (4) that the blood floAv of resting muscle is remarkably constant even 
though there are such Amriations in the enAuronmental temperature. However, 
in the case of the hand or foot, eAmn small temperature changes may profoundly 
affect the blood supply. 

Blood floAVS of the arbitrarily defined slrin and muscle circulation Avere taken 
in the resting state described above. This aars the average of seA’^eral test runs 
Avhich as a rule differed so little that the inflow curves AA'ere almost parallel. It 
Avas felt that only variation of 20 per cent or more in successiAm blood Aoaa' deter- 
minations could be regarded as significant. 

Measurements Avere also taken during the phase of reactive hyperemia. iJpon 
occluding the arterial circulation for ten minutes and then releasing it, a profound 
increase in blood floAv as Avell as amplitude of the pulse AA-ave AA^as registered on 
the tracing. The characteristic flush Arms easily Ausible in the portions of the 
extremity outside the plethysmograph. It is our belief that the blood Aoav 
during reactive hyperemia is an index of the aAmilable peripheral circulation. 

In certain instances blood floAv estimations Avere made Avdth the limb segment 
exposed to water of 45°C. and after exercise of the calf muscles consisting of 50 
alternate flexions and extensions at the ankle. 

RESULTS 

1. Blood flow in the foot {table 1). The skin of a recently sympathectomized 
limb is AAmrm, dry and bright in color. Although these findings tend to persist, 
there is sometimes a return of skin temperature to preoperative levels in a rnatter 
of Aveeks. Loss of sweating may then be the sole objective sign of a technically 
complete denerAmtion and may also be partly responsible for making the sympa- 
thectomized limb feel warm. 



EFFECT OF SYMPATHECTOMY ON BLOOD FLOW IN HUMAN LIMB 


501 


With the rise in skin temperature there is an increase in blood flow. Its 
magnitude is dependent on two factors; the available vascular bed and thedevel 
of the resting blood flow prior to operation. 

The maximum increase in blood flow on the sixth day and again three v eeks 
after operation is only 10 per cent in P. Ga., age 21 years, whose basic disease was 
thrombo-angitis obliterans. This is ivell ndthin the limit of error. It must be 
mentioned that this patient had a gangrenous ulcer on the little toe of the test 
foot ivith an inflammatory response in the surrounding tissue, so that vasodilata- 
tion was almost complete before operation. Thus the resting blood flow pre- 
operatively approximates the flow during the phase of reactive hyperemia and 
this accounts for the negligible increase. 

In J. R., age 36, who also had Buerger’s disease, the blood flow in the test 
foot increased 85 per cent over its preopei'ative level on the eighth day. 


TABLE 1. Blood flow in foot (cc/min/100 grams of tissue) 


SUBJECT 

i 

ACE 

' EESTIKC BLOOD BLOW 

1 i 

REACTIVE 

HYPEREMIA 

% CHANCE AFTER 

Control 

Sympathectomy 

(BLOOD flow) 1 

1 


P. Ga.i 

21 

5.4 

1) 5.6 

2) 6.3 

7.6 

-f 10 

J. R.i 

36 

3.5 1 

6.4 

8.0 j 

+ 85 

R. M.i 

38 

3.8 

5.6 

10.0 j 

+ 45 

J. K.i 

56 

2.8 I 

6.0 

20.0 

-M15 

C. J. 

45 

3.0 ’ 

5.9 

10.0 

-p 95 


1 Same foot used. 


Patient R. M., age 38, had essential hypertension. Two weeks after the first 
stage of the Smithwick procedure, the increase is only 45 per cent in spite of 
the fact that her peripheral vessels were clinically normal. It is known that the 
extensive circulatory readjustments that follow' such a procedure militate against 
marked vasodilatation in the extremities. 


Our fourth patient, J. K., age 00 years, had a historj' of cold injury w'hich re- 
sulted in amputation of several toes for gangrene. His feet, which were ex- 
tremely cold and sweaty prior to operation, became warm and dry. The increase 
in blood flow' ten days after sj'mpathectomy is 1 15 per cent. 

Patient C. J., age 45 years, illustrates the long-term effects of sympathectomy 
in the foot. In this individual, where the underlj'ing disease w'as again thrombo- 
angitis obliterans, the blood flow' in the sj'mpathectomized foot six months after 
operation is 95 per cent greater than in the ‘control’ foot. 

Inasmuch as sympathectomy for peripheral vascular disease was seldom per- 
formed unless there was an adequate rise of skin temperature after paravertebral 
novocaine block, this automatically excluded from our series most patients w'ith 
a markedl 3 ' deficient vascular supplj'. 

2. Blood flow in the calf. The resting blood flow of a muscular region like 
the calf, as determined by the technique employed, ranges from 1.5 to 3 0 cc 
per minute per 100 grams of tissue but is fairly constant for the same individual. 
It has been calculated by Grant (4) that the intense cutaneous hyperemia pro- 
uce y multiple puncture of histamine into the skin results in an increase of 
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one to two cc. of blood flow per minute per 100 grams of tissue. This figure 
represents the increase due to complete vasodilatation in the skin and only meas- 
ures which produce more than this, which is roughly an increase of 100 per cent, 
can be considered as affecting muscle blood flow. 

It is quite strildng, therefore, that in the 12 patients in whom the sympathetic 
outflow was resected there was no such significant increase. 

In contrast, the increase in blood flow during the phase of reactive hyperemia 


TABLE 2. Blood flow in calf (cc/min/100 grams of tissue) 


SUBJECT 

AGE 

DISEASE 

TIME SIKCE 

SESTINC BLOOD FLOW 

REAC- 

TIVE 

HYPER- 

1 

' CHANCE 
, AFTER 




Control 

S>mpathectomy 

EUIA 

(blood 

flow) 

SYUPA- 

THEC- 

TOMY 

P. Ga.i 

21 

TAO= 

1) 6 days 

2) 21 days 

2.7 

1) 2.1 
2) 2.3 • 

19 

-20 

J. R.i 

36 

TAG 

8 days 

2.1 

1.6 

15 

-25 

R. M.i 

38 

_ Essential 
hyperten- 
sion 

14 days 

1.9 

1.9 

10 

0 

J. K.i 

56 

Cold injury 

8 days 

2.7 

3.5 

18 . 

+30 

C. J. 

45 

TAG 

6 months 

1.5 

2.9 

13 

+9; 

J. McI. 

60 

Cold injury 
AS’ 

15 days 

1.2' 

1.2 

8.2 

1 

0 

T. N. 

1 

1 

63 

AS 

1 

1 year 

Bilateral lum- 
bar sym- 
pathectomy 

Left) 2.2 
Right) 2.1 

2.3 

4.5 

+40 

E. B. 

60 

‘ AS 

14 days 

‘ 2.6 

3.7 

9.5 

P. GI. 

38 

TAG 

4 months 

2.3 

2.3 

14 

0 

F. C. 

1 

44 

Raynaud’s 

syndrome 

2j years 

Quadrilateral 

sympathec- 

tomy 

2.8 

36 


L. G. 

33 

Diffuse vas- 
cular 
disease 

3 years 

Bilateral lum- 
bar sym- 
pathectomy 

3.4 

10 


W. P. 

67 

AS 

15 days 

Unilateral am- 
putation 

2.9 

11.2 



' Same calf used. - Thromboangiitis obliterans. ^ Arteriosclerosis. 


may be as much as 300 to 1200 per cent of the resting value. Less marked but 
also significant is the increase which results from moderate exercise of the calf 
muscles or from heating the segment of calf enclosed in the plethysmograph. 

The increase in blood flow to any of these measures is limited by the available 
vascular bed. Thus, in a younger patient like P. Ga., this potential reservoir is 
much greater than in an older individual, T. N., whose pain at rest indicates that 
the tissues are insufficiently supplied ivith blood even under basal condition. 

DISCUSSION 

Tliis study shows that sympathetic denervation of the human limb results 
in an increased blood flow in areas where skin predominates but leaves the blood 
flow in muscular regions relatively unchanged. Any augmentation noted m 
the latter can easily be explained by the coexisting cutaneous vasodilatation. 
Even in sympathectomized regions where skin circulation predominates, the 
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relation of resting flow to the blood flow during reactive hyperemia shows that 
maximal vasodilatation is not present vdthin a week after operation. 

In man, vasoconstriction of the skin, an increase in pilomotor and sudomotor 
activity and vascular dilatation in muscle are the proven effects of sympathetic 
stimulation and adrenalin discharge on the limbs (4, 10, 11). Conversely, resec- 
tion of the sympathetic pathways leads to cutaneous vasodilatation and loss of 
sweating and hair erection in the involved region. Our results bear out the con- 
tention arrived at from the intra-arterial injection of adrenalin: that muscle ves- 
sels would not be dilated by the removal of sympathetic control . 

The vascular bed of a muscular region can be opened wide by exercise, by direct 
Tieating of the limb and by creating a blood deficit through occlusion of the main 
artery. Each of these measures produces a significant increase in blood flow 
through the release of vasodilating metabolites. Similar increases take place 
despite the presence of definite vascular disease, provided the collateral circula- 
tion is adequate. The constant values for blood flow in muscle after sympathec- 
tomy permit the conclusion that innervation of blood vessels is not the important 
factor in regulating the circulation in muscular tissue. This favors for skeletal 
muscle an assumption which has been previously made for the brain (12) and 
cardiac muscle (13) ; namely, that it is the local demand which decides the blood 
flow to the active area. 

Comparing the vascular reactions of blood vessels in normal muscle with those 
in the muscle of patients with vascular disease may seem unwarranted. There 
is no proof, however, that there is an essential difference in their behavior to 
sjunpathectomy. The circulation in areas where skin predominates, such as the 
hand and foot, is increased after s 3 Tnpathectomy both in the normal state and 
in the peripheral arterial diseases. Such an increase is quantitatively less strik- 
ing in the latter, because of a diminution of the vascular bed through organic 
obstruction of blood vessels and ‘sometimes because maximal vasodilation is 
reached as a result of secondary inflammation or due to compensatory circulation 
developed in response to the local ischemia. 

From a clinical viewpoint, important inferences maj'’ be drawn. 1) E.xercise, 
direct heating or ano.xia of tissue increase muscle blood flow, but a sympathec- 
tomy is relative^ impotent in this respect. The first two procedures actively 
increase the metabolism of the limb, while in the third the blood deficit is 
rapidly' repaid on release. Each of these modalities, somewhat modified, 
is used in the treatment of peripheral vascular disease (reflex vasodilatation, in- 
termittent venous occlusion); each has practical disadvantages which curtail its 
use. The ideal measure is one which would cause vasodilatation without in- 
creasing the metabolism of ischemic tissues. 

2. Resection of the sjunpathetic trunk in an attempt to increase blood flow 
and thereby reduce the pain of muscular ischemia, or to increase the functional 
capacity for exercise or as a prophjflactic against the reduction of muscle circula- 
tion by the occlusive vascular diseases, appears to be of doubtful value. 

3. The use of sjunpathectomy for effect on the skin or lesion of the hand or 
foot IS logical and sound physiologically. Thus in hyperhidrosis of severe de- 
g-ee, m disfi^jrement due to mai-morization of the skin, and more frequently in 
RajTiaud s phenomena and in the causalgic state, there is such marked relief 
both subjectively and objectively that the procedure seems justified. Ulcera- 
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tions which have been intractable to other treatment frequently heal. On oc- 
casions we have seen beginning gangi-enous lesions of the toes slough and clear 
up promptly follovdng sjunpathectomy. We have also seen toes which merely 
appeared poorly nourished and cyanotic become gangrenous immediately after 
operation. It is reasonable to assume that blood had been diverted from the 
local area which needed it desperately to a large sldn surface with resultant detri- 
mental effect on the area for whose benefit the sympathectomy was originally 
planned. 

Furthermore, there are large gaps in our knowledge of the autonomic nervous 
system, not only as regards function but also anatomical distribution. Some 
evidence is accumulating for the existence of vasodilator fibers vdthin the sympa- 
thetic system in man (14). If the sympathetic trunk is severed, such fibers 
which might play a beneficial role are removed with the vasoconstrictor fibers. 
On the other hand, if the sjunpathetic pathways carry afferent impulses, their 
interruption might verj’' well be warranted for relief of pain, whether due to inter- 
mittent claudication or other factors. A recent article on afferent conduction 
by Threadgill merits attention in this respect (15). However, we should not at 
the present time base the need for operation on these hypotheses but on the more 
solid foundation of effect on muscle or skin vessels. 

SUMMARY 

1. A lumbar sympathectomj’' which is effective when gauged by the changes 
produced in an area of predominant skin circulation (foot) produces minimal 
increase in the circulation of a predominantly muscular area (calf). 

2. The effective stimulus in increasing muscle blood flow is one which releases 
vasodilating metabolites. Exercise, direct tissue heating and arterial occlusion 
and release are examples. 

3. The clinical application of sympathectomy for lesions or symptoms in areas 
primarily of skin circulation and other areas which are composed chiefly of muscle 
are discussed. The use of sympathectomy for the latter is of doubtful value. 

We are indebted to Dr. Louis Leiter, Chief of the Medical Division, Montefiore Hospital, 
for advice and criticism and to Mr. Abraham Seigel for his valuable technical assistance. 
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Relatively few quantitative reports are available on reflex influences on tire 
renal circulation in man. Smith (1, 2) found that both diodrast and inulin 
clearances fell on changing from recumbent to upright or near upright position; 
filtration fraction showed slight rise or no change. McCann and Romansky (3) 
found that on changing from recumbent to erect position patients with nephrop- 
tosis showed falls in diodrast clearance with no significant change in inulin 
clearance, the filtration fraction rising; normal subjects and hypertensives with- 
out nephroptosis showed no significant postural changes in clearances or in filtra- 
tion fraction. Brun, Khudsen and Raaschou (4) confirmed the findings of many 
earlier workers that m-ine flow is lower in the erect (or 60° vertical) position than 
in recumbency. Inulin clearance falls in the vertical position, vdth an increase 
in the percentage of filtered water reabsorbed. Diodrast clearance falls more 
than inulin clearance, giving a rise in filtration fraction. If the erect postion is 
maintained to the occurrence of syncope, diodrast and inulin clearances and m-ine 
flow fall abruptly (1, 2, 5); there is evidence that increased secretion of pituitrin 
may contribute to the postsyncopal oliguria (5). 

Smith (1, 2) found a marked fall in diodrast clearance with marked rise in 
filtration fraction when. subjects became alarmed. Wolf (6) found that a mildly 
painful cold stimulus (immersion of one hand in water at 5-10° C.) increased the 
diodrast and inulin clearances, with no change in filti-ation fraction; in the post- 
stimulus period diodrast clearance usually fell with no decrease in inulin clearance, 
giving a great increase in filtration fraction. More severe pain, by pressure on 
head, reduced both diodrast and inulin clearances, with rise in filtration fraction. 
There is great variability in Wolf’s findings. 

Diodrast clearance decreased by 18 to 54 per cent as a result of running 440 
yards at maximum speed, and i-emained below the pre-e.\'ercise level for 10 to 
40 minutes after exercise. Inulin clearance fall was less than diodrast clearance 
fall and might not occur. Exercise for 15 minutes on a bicycle ergometer also 
reduced clearances. There was no correlation between changes in clearances 
and in urine flow (7) and no mention is made of proteinuria. 

This paper reports on the effects of postural changes, of a cold stimulus, of 
mcercise, and of increased protein intake on para-aminohippurate (PAH) and 
inulin plasma clearances and, in some experiments, on plasma glucose levels, on 
occurrence of proteinuria, on blood pressure and on renal vascular resistance. 

‘ Aided by a grant from the Commonwealth Fund. 
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Urine volumes were also followed, but water intake was not closely enough con- 
, trolled to permit other than gross conclusions as to the effects on urine flow. 
The subjects were healthy males, all except one {HLW, age 51) being medical 
students in the age group 20 to 30 years. 

METHODS 

Except for the experiments with high protein intake, the subjects had a light 
breakfast and omitted lunch on the days of experiments, which began about 
2:00 p.M. Urine flow was promoted by drinking one to two liters of water 
during the 60 to 90 minutes before the beginning of the first clearance period. 
The subjects were recumiient for 30 to 40 minutes before the clearance periods 
began, the first two of which were controls in recumbency. Clearance periods, 
except for some shorter periods of running, were about 20 minutes. A priming 
intravenous dose of 19 mgm. inulin per kilo was followed by a sustaining sub- 
cutaneous dose of 90 mgm. inulin and 30 mgm. PAH per kilo. The intravenous 
inulin was the 10 per cent solution of U. S. Standard Products Co., Woodworth, 
Wis. The subcutaneous injection was prepared by boiling the necessary amount 
(0.9 cc. per kilo) of the 10 per cent inulin to about one-third its original volume 
and adding the 20 per cent PAH solution- (0.15 cc. per kilo). Thus, an 80 kilo- 
gram subject received 15.2 cc. of 10 per cent inulin intravenously, followed by 
a mixture of 24 cc. of 30 per cent inulin and 12 cc. of 20 per cent PAH subcu- 
taneously. The 20 per cent PAH is too irritating to be injected undiluted 
subcutaneously. The subcutaneous injection was given in two or three post- 
axillary sites and the needle moved two or three times for each skin puncture, 
so that only a few cc. were given in one region. No anesthetic was used. The 
first clearance period was begun 20 to 25 minutes after ending the subcutaneous 
injection. This method obviated the necessity of continuous intravenous 
infusion and permitted the subject to move about freely for any desired experi- 
mental procedure (8). A few representative plasma level curves are given m 
figure 1 ; mean plasma levels during the respective clearance periods are calculated 
from such curves. 

Urine collections were by vdluntary emptying of the bladder. Some days 
prior to an experiment the subject obtained a water diuresis curve; smoothness 
of the curve was taken to indicate satisfactory sample collections. We are con- 
vinced that the majority of normal, intelligent, co-operative human males can 
quickly learn to empty the bladder quantitatively, and that a smooth water 
diuresis curve is a good index of such ability. Blood samples were heparinized 
and centrifuged immediately after collection. Blood pressures were obtained 
frequent^'- by the auscultatory method; mean pressure was taken as diastolic 
plus 40 per cent of pulse pressure and the values given in the tables are the 
averages of values during a corresponding clearance period. Renal resistance 
units per square meter (RRU/M-) are expressed as 

- The PAH solution was generously furnished by Sharpe and Dohme Co., Philadelphia, 
Pa. 
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mean arterial pressure (mm. Hg) minus 5. 
renal blood flow per sec. per M- 

Renal blood flow was taken as twice the PAH plasma clearance; errors due 
to hematocrit variations were neglected, since we were interested only in the 
grosser directional changes in renal vascular resistance. Filtration fraction (FF) 

jg muhn clearance , settings of the photoelectric colorimeter for 

PAH clearance . . 

the plasma PAH and the plasma inulin determinations were made on pre-mjec- 
tion blank plasma filtrates; correction was made for changes in color production 
in the plasma inulin procedure due to changes in plasma glucose. 



Fig. 1. Inuli.v and pah plasma levels following intravenous priming and subcutaneous 
sustaining injections used in these e.xperiments. The solid line separates the inulin from 
the PAH curves. The broken curves are from an exercise e.xperiment; the first two points 
are during rest, while the third points are higher because of the diminished rate of excretion 
during exercise between second and third samples. 

Pig. 2. PAH clearances before, during and after exercise on subjects, HLW, RCC, 
and CML. Speed of running in miles per hour at ends of curves. Presence of protein in 
urine samples is indicated by P. 

Effect of high protein intake. Control periods in recumbency six hours after 
a light breakfast were obtained in two subjects on uncontrolled diet containing 
about 90 grams of protein daily. Some days later clearances were again ob- 
tained in recumbency four hours after a large protein meal, consisting largely 
of beef steak. On one subject, HW, clearances were again obtained after a week 
of high protein diet (220 grams of protein with 3400 calories daily). The results 
are seen in table 1. Increase in protein intake as a single meal had no effect on 
PAH clearance or on renal vascular resistance but slightly raised inulin clear- 
ance; high protein intake for a week raised PAH clearance 18 per cent and inulin 
clearance 31 per cent, and lowered renal vascular resistance 12 per cent. 

Postural effects. Five experiments on the effects of postural changes were 
carried out on five subjects; the results are seen in table 2. The PAH clearance 
in the standing period was 12, 24, 15 and 23 per cent lower than the average of the 
two lying periods for the first four experiments of table 2, averaging 19 per cent 
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lower. The inulin clearance in the standing period was 1, 18, 8 and 6 per cent 
lower than the average of the two lying periods, averaging 8 per cent lower. 
The inulin clearance fall on standing may be compared with an earlier finding 
(9) that endogenous creatinine output is 9 per cent lower on standing than in 
recumbency. In the earlier work clearances cannot be calculated since no 
plasma determinations were made but, since the plasma creatinine levels re- 
mained constant, the rates of minarj’- output are proportional to the clearances. 
Subject RO showed some vasomotor disturbance at the time of the subcutaneous 
injection, losing consciousness for a brief period. It is believed that the clear- 


TABLE 1. Effect of high pbotein intake on clearances 


SUBjrCT 

DATE 

URINE FLOW 

PAH 

clearance 

INULIN 

CLEARANCE 

r.r. 

PLASMA 

GLUCOSE 

iCEANB.P, 

ERU/M* 


cc/mtnlil^ 

cclmin/il- 

cc/mtn/M- 


mgm. % 

mm. Be 




Uncontrolled diet (about 90 grams protein) 



HW 

0.59 

350 

59 

0.169 


88 

7.1 

9/24/47 

0.82 

395 

62 

0.157 


84 

6.0 



4 hours after large protein meal 



HW 

6.22 

380 

67 

0.176 

73 

88 

6.6 

11/4/47 

2.71 

376 

66 

0.176 

77 

88 

6.6 


1.81 

373 

51 

0.137 

77 

87 

6.6 


1 

1 Protein intake 220 grams 

daily for week preceding 1/22/48 

HW 

1.18 

454 

83 

0.182 

95 

j 89 

5.6 

1/22/48 

1.08 

427 

72 

0.168 

75 

89 

5.9 


L04 

1 

442 

84 

0.190 

79 

88 

5.8 



Uncontrolled diet (about 90 

grams protein) 


EC 

1.15 

335 

58 

0.172 

88 

89 

7.5 

10/15/47 

4.27 

339 

59 

0.174 

86 

90 

7.5 



4 hours after large protein meal 



FC 

0.56 

341 

66 

0.194 

105 

90 

7.5 

11/11/47 

0.63 

333 

67 

0.20 

94 

91 

7.7 


ance values of his first period are abnormally low, due to renal vasoconstriction 
as a result of the psychic reaction to the injection; the second control period 
should be taken as the recumbent control with which to compare the standing 
period. Wlien this is done there is seen on standing a fall of 23 per cent in PAH 
and a rise of 10 per cent in inulin clearance, the filtration fraction rising from 
0.162 to 0.231. Thus in all cases the filtration fraction was higher during stand- 
ing, the inulin clearance usually showing a slight fall but less than the PAH. 
In three of four cases mean blood pressure was slightly higher on standing but 
there was no great change. Since cardiac output is lower on standing than on 
lying, total peripheral resistance must be somewhat increased on standing. 
That the renal vascular bed participates in this constriction is shovTi by the fact 
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that in every case renal vascular resistance is higher on standing than on lying. 
A single, observation of a postui-al change in renal vascular resistance of these 
naagnitudes would not be significantj but it is believed that the consistency of 
behavior justifies the view that the usual normal response on changing from the 
recumbent to the standing position is a slight increase in renal resistance, due to 
vasoconstrictor impulses rather than to adrenalin output. 

Effects of cold. Three experiments were performed on three subjects; one of 
these has been omitted because great fluctuations in the control periods indicated 
that urine collections were not quantitative. All periods were in recumbency, 
the first two being controls, while cold was applied during the third period. 


TABLE 2. PosTUKAii effects on clearances 


SUBJECT 

DATE 

BOSTUBE 

URINE 

FLOW 

PAH 

CLEARANCE 

INULIN 

CLEARANCE 

F.F. 

PLASMA 

GLUCOSE 

MEAN 

B.P. 

rru/m- 



ec/min/ll^ 

cc/min/M* 

ccJmut/U- 


mgm. % 

mm. Hg 


HLW 

lying 

4.33 

259 

47.8 

0.185 



t 

5/1/47 

lying 

4.87 

258 

46.4 

0.180 





standing 

3.66 

228 

46.5 

0.204 


\ 


HW 

lying 

1 

0.59 

350 

59.0 

0.169 

1 

1 

1 

1 ss 

7.1 

9/24/47 

lying 

0.82 

395 

61.8 

0.157 


84 

6.0 


standing 

0.73 

283 

48.8 

0.173 

! 

92 

9.2 

RJP 

lying 

0.94 

387 

74.7- 

0.193 

1 

94 

6.9 

10/1/47 

standing 

2.13 

304 

61.6 

0.202 

i 

1 

96 

9.0 


lying 

0.78 

318 

69.1 

0.186 

j 

94 

8.4 

FC 

lying 

1.15 

335 

58 

0.172 

88 

89 

7.5 

10/15/47 

lying 

4.27 

339 

59 

0.174 

86 

90 

7.5 


standing 

2.9 

261 

55 

0.211 

88 . 

85 

9.2 

RO 

lying 

0.21 

219 

41 

0.185 


85 

5.9 

10/8/47 

lying 

0.24 

319 

52 

0.162 


86 

4.1 


standing 

1 0.25 

245 

57 

0.231 


92 

5.7 


With HLW the cold stimulus was applied by imniersing a hand and about a 
third of the forearm in a mixture of ice and water at 0° C. The immersion was 
not continuous, since the procedure was too painful. Immersion was continued 
for a few minutes until the pain became intense; the hand was then withdrami 
for a minute and the cj-^cle repeated. In order to avoid the pain element, subject 
FAH dipped a hand and lower forearm into water at 14-15° C. To avoid the 
complication of adaptation, ever 3 ^ three minutes the hand was removed and the 
other hand immersed, while the nonimmersed hand was dried and warmed by 
body contact; the cj'cle was repeated throughout the third clearance period. 
It is seen in table 3 that HLW (cold plus pain) showed a slight fall in both clear- 
ances, a questionable rise in filtration fraction, and a significant rise in mean 
blood pressure and renal vascular resistance. Subject FAH (cold alone) showed 
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no change in any of the values. It is quite probable that exposure of a suffi- 
ciently large area of body surface to a temperature of 14-15° C. would result in 
significant renal vasoconstriction, but the threshold is obviously higher than 
that of the hand and forearm, since application of a very slight cold stimulus 
(evaporation of a few drops of ether) to one hand in a large series of student 
experiments has consistently produced striking vasoconstriction in the other 
hand. 

Exercise. Eight experiments have been performed on six subjects; two of 
these are omitted because of great fluctuations, presumabb’’ due to inadequacy 
of urine collections, in the control periods. The results of the six satisfactory 
experiments are seen in table 4. All periods except the running were in recum- 
bency. Bloody pressures were taken at three- or four-minute intervals except 
during the period of running; they were not taken in the experiment on IILW. 
Blood pressure readings were not begun after e.xercise until the. subject had 
emptied his bladder; the first postexercise reading was usually two or three 


TABLE 3. Effects of coi-n on renal circulation 


SUBJECT 

DATE 

PROCEDURE 

URINE 

FLOW 

PAIl 

CLEARAN'CE 

INULIN 

CLEARANCE 

F.F. 

MEAN 

B.P. 

eru/m’ 



cclminlil- 

cc/min/M* 

cc/ntin/M- 


mm. Hg 


HLW 

control 

1.12 

257 j 

49.5 

0.193 

102 

11.3 

6/9/47 

control 

3.45 

247 1 

47.8 

0.194 

98 

11.3 ' 


cold 

4.75 

221 

44.5 

0.201 

113 

i 

14.7 

FAH 

1 

control 

0.56 

373 

63 

0.168 

90 

6.9 

10/29/47 

control 

i 0.38 

375 

61 

0.163 

91 

6.9 


cold 

0.52 

375 

62 

0.166 

93 

7.0 


minutes after exercise had stopped. On this reading the systolic pressm'e usually 
was higher and the diastolic lower than before exercise; the sj’^stolic then fell and 
the diastolic rose. Individual readings are not showm in the table; mean blood 
pressure indicates the average of the mean pressure values taken during a given 
period. IN'Iean pressures during the periods after exercise have always been 
slightly lower than the pre-exercise control values; total peripheral resistance 
thus remains lowered for some time after exercise. Mean arterial pressure during 
exercise was not determined, but is knowi to be at least as high as at rest. The 
values for RRU/M- during exercise are given as minimum values, taking mean 
pressure during exercise as being the same as at rest. 

During light exercise {HLW) PAH and inulin clearances fell slightly and 
remained dorni for at least 40 minutes after exercise; the urine remained protein- 
free as tested by heat. During moderate to moderately severe exercise {LHR, 
12/18/47 and RCC) both clearances fell; the return of PAH clearance toward 
normal maj'’ or may not be completed at the end of 50 to 60 minutes, the retmn 
of inulin clearance to normal being faster. Behavior of filtration fraction during 
and after exercise has not been consistent. During exercise of this degree renal 
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TABLE 4. Effects of exercise on renal circulation 


SUBJECT , 

DATE 

PROCEDURE 

XnilNE 
PLOW C 

PAH 1 INULIN 

ILEARAKCEXLEARANCE 

F.r. 

URINE 

ALBUMIN 

PLASMA 

GLUCOSE 

MEAN 

B.P. 

ItRU/u2 

HLW 

3/11/47 

During 13 o 
and pulse r; 

lying 

running 

lying 

lying 

cc/minjM- 

if the 13 mi 
ate increase 

1.34 

1.17 

1.34 

1.25 

cc/minlil-^ 
inutes of se 
id, slight s\ 
266 
232 
222 
224 

cond perio 
veating, no 

54 

50 

47 

45 

d subject i 
t dyspneic 

0.205 

0.214 

0.213 

0.201 

jogged at ^ 
or exhaiist( 

mgm. % 

1.3 miles p 

3d. 

mm. Hg 

er hour. I 

Respiration 

CML 

11/12/47 

During 12 c 
hausted, sw 

lying 

lying 

running 

lying 

lying 

lying 

)f the 14 m: 
eating profi 

5.25 

5.65 

1.60 

0.37 

0.97 

0.47 

inutes of tf 
usely. 

343 

357 

74 

164 

260 

264 

lird period 

67 

63 

17.6 
31.2 

33.6 

34 

subject ra 

0.197 

0.177 

0.237 

0.190 

0.129 

0.128 

in at 6,2 i 

-j — [- 
+ 

niles per 1 

89 

87 

112 

98 

87 

hour. Dy£ 

97 

96 

88 

90 

90 

jpneic, ex- 

8.1 

7.7 
37 + 

1 15.2 

9.8 
9.7 

RCC 

11/19/47 

1 During 11 
not exhaus 
lying 
lying 
running 
lying 
lying 
lying 

of the 15 rr 
ted, moden 

0.52 
0.53 
0.16 
0.87 
0.36 
t 0.98 

linutes of t 
ite sweating 

375 
429 
168 
267 
326 
396 j 

bird period 

59 1 

56 

22 

46 

57 

57 

subject n 

0.157 1 
0.131 
0.132 1 
0.174 : 
0.174 
0.145 

in at 5.6 r 

+ 1 

“ i 

niles per h 

98 

97 

159 

122 

104 

our. Sligh 

97 

94 

86 

87 

85 

t dyspnea, 

7.4 
6.2 

16+ 

9.1 

7.5 

6.1 

LHR 

11/18/47 

During 11 
haustel, ai 

lying 

lying 

running 

lying 

lying 

lying 

of the 131 
veating pro 

5.1 

6.7 

1.73 

0.75 

0.56 

0.38 

minutes of 
fusely. 

403 

388 

79 

179 

230 

275 

third peri 

67 

66 

13.6 

33 

53 

58 

od subject 

0.165 

0.169 

0.174 

0.185 

0.232 

0.212 

ran at 7.2 

+ + 

miles per 

92 

90 

190 

145 

122 

hour. Dyi 

97 

95 1 

86 

92 

89 

spneio, ex- 

6.8 

7.0 

35+ 

13.6 

11.3 

9.2 

LHR 

12/18/47 

During 19 
but not d: 

lying 

lying 

running 

lying 

lying 

lying 

1 of the 20i 
rapne:!, moi 

1.57 

4.84 

1.67 

3.60 

5.60 
7.05 

1 minutes i 
derate swea 

398 

388 

178 

293 

274 

276 

af the tliird 
ting, not e; 
64 

60 

38 

67 

61 

60 

1 period sul 
chuusted as 
0.261 
0.155 
0.214 
0.23 
0.223 
0.217 

bject ran a( 
on II/IS/ 4 : 

: 5.7 miles 1 

r. 

86 

84 

100 

97 

84 

per hour. 

97 

95 

94 

95 

95 

Hyperpnea 

6.9 

7.0 
15+ 

9.1 
9.8 
9.8 

LHR 

1/8/4S 

During 2< 
sweating j 

lying 

lying 

running 

lying 

lying 

lying 

5 of the 2 
irofuaely, e 

5.8 

6.31 

1.29 

1.28 

1.03 

2.87 

2 minutes 
xhaustion a 

340 

357 

123 

333 

311 

328 

of third p 
dmost as gr 

58.6 

61.5 

25.3 

65.8 

55.8 
54.1 

eriod subje 
eat as on J 
0.17 
0.17 
0.21 
0.20 
O.IS 
0.17 

jct ran at 
l/lS/47. 

6.7 miles 

S3 

83 

108 

94 

85 

per hour. 

96 

93 

95+ 

85 

85 

87 

Dyspnea, 

8.0 

7.4 
22+ 

7.3 

7.8 

7.5 
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vascular resistance at least doubles; it may or may not have returned to normal 
after 50 to 60 minutes. Plasma glucose is elevated to a variable extent, being 
back to normal by 60 minutes after exercise stops. The plasma glucose value 
shown as during exercise was on a sample taken two to four minutes after exercise 
stopped; the values shonm for the fifth periods were at about 30 minutes after 
exercise stopped and the values for the sixth periods were at about 60 minutes. 
They are true glucose values on a cadmium or zinc filtrate. Since all samples 
were venous, they do not represent the full extent of the rise in arterial plasma 
glucose. Considerable increases in plasma glucose on exercise probably indicate 
increased output of adrenalin, but this point cannot be regarded as settled. 

The speed of running cannot be taken as an absolute index of the severity of 
the exercise; running 6 miles an hour for 15 minutes is much more of an effort 
for some subjects than for others. Thus, in the two experiments classified as 
‘moderate to moderately severe exercise’, 5.6 miles an hour for 11 mmutes pro- 
duced somewhat gi-eater subjective effects in RCC than did 5.7 miles an hour for 
19§ minutes in LHR, 12/18/47. The PAH clearance falls were comparable in 
the two cases, but with RCC the fall in inulm clearance and the rise in plasma 
glucose were greater, and protein appeared in the first postexercise urine sample. 
Even if the degree of effort could be quantitatively controlled, it seems improb- 
able that all subjects Avould respond with increased adrenalin output at the same 
effort level. Thus, one would expect a better correlation between effort level 
and rise in plasma glucose in a given subject than would be found among different 
subjects; this seems to be the case, judging from the small number of experiments 
available here. Taking rise in arterial plasma glucose as a tentative index of 
adrenalin output, a better approach to an answer should be obtained by caripung 
out a graded series of exercise experiments on each of several subjects. 

The experiments on CML and on LHR, 11/18/47, are classified as severe 
exercise, carried practically to the limits of the subjects’ capabilities. Hurmg 
the period of exercise both clearances fell markedly and renal vascular resistance 
increased at least five-fold, the values returning toward normal in the hour after 
exercise. The question may be raised Avhether the falls in PAH clearance repre- 
sent uniform reduction of floiv through the various parallel vascular channels 
or whether there is selective constriction, with some channels being closed. A 
point of some interest is that in these experiments protein has not appeared in 
the m’ine formed during exercise but is present in the first one or two approxi- 
mately 20-minute samples taken after severe {CML and LHR, 11/18/47) or 
moderately severe {RCC) exercise. If the blood flow were imiformly reduced 
through all glomeruli, one would expect the proteinuria to appear during the 
period of greatest ischemia, i.e., during exercise, rather than in the postexercise 
period when blood flow is improving. This suggests the possibility of differential 
constriction of various parallel renal vascular channels. If, during heavy exer- 
cise, some of the glomeruli have no blood flow or have a capillary pressure too 
low to permit filtration, the failure of protein to appear in the urine during this 
period can be explained; when flow and filtration are re-established after exercise, 
protein appears in the filtrate of the reversibly damaged glomeruli. 
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Another possibility may be considered. Assume that during exercise there is 
no differential constriction of parallel channels and that blood flow is reduced to 
20 per cent of normal in all glomeruli but that protein does not appear in the 
urine formed dm-ing exercise simply because the. period of exercise (11 to 12 
minutes, LHR, 11/18/47, and CML) was not long enough to cause the reduced 
blood flow to damage the glomeruli sufficiently, and that the process of damage 
continued into the postexercise period even though blood flow was improving. 
To investigate this possibility, the experiment of 1/8/48 on LHR was carried 
out. Here the objective was to have the subject e.xercise to the limit of his 
capacity for 20 minutes. If protein failed to appear in the urine formed during 
exercise of 20 minutes while appearing in postexercise samples it probably could 
not be because of insufficient dm'ation of uniformly reduced glomerular blood 
flow which still maintained imiformly reduced filtration, but would be more 



•Fig. 3. PAH (hatched blocks) and indlin (open blocks) clearances, filtration frac- 
tions (F. F.), mean arterial pressure (mean B.P., broken line), renal resistance units per 
(RRU), plasma glucose (P.G.) and presence or absence of protein in urine (ALB+ or 
ALB—) in three exercise experiments on LHR. Running at speeds designated in third 
periods; all other periods in recumbency. 

probably explained on the basis of abolition of filtration in the ischemic glomeruli 
during exercise, the protein appearing as filtration is reestablished after exercise. 

The findings on LHR, 1/8/48, were imexpected in that even though he ran 
practically to the limit of speed compatible vith 20 minutes’ duration, proteinuria 
did not occur and the clearances fell less than on 11/18/47, where the speed was 
higher but the duration shorter. The findings of the three e.xperiments on LHR 
are presented in graphic form in figure 3. It appears that for a given subject 
a certain level of work performance must be reached in order to get ma.vimnm 
fall in clearances and rise in renal vascular resistance and appearance of pro- 
teinuria. Work at a lesser rate, even though it be continued longer so that at the 
end of the period the subject is almost equally e.xliausted, is less effective. The 
experiment on LHR, 1/8/ 48, thus fails to answer the question raised in the pre- 
ceding paragraph, since it is not possible to have a subject work for 20 minutes 
at the rate which is his maximum for 11 minutes. The ex-periments on LHR 
sho\y a graded series of responses to a graded series of work rates. This pro- 
portionality makes it probable that at work rates below a critical level for a 
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given subject the response is a vasoconstriction in all the channels, with no 
ischemic and functionless glomeruli and therefore no postexercise proteinuria, 
while above this critical level glomeruli begin to drop out of function, in increasing 
numbers as the work level is increased, so that when glomerular function is 
re-established after exercise protein appears in the filtrate of these reversibly- 
damaged glomeruli. Significant dropping out of glomeruli does not begin until 
renal blood flow has first been reduced to below half of the resting value. Since 
in normal subjects the critical level of Avork required to cause any significant 
number of glomeruli to drop out is higher than can be maintained for more than 
a few minutes, the kidneys are automatically^ protected against prolonged ische- 
mia during prolonged periods of work. 

The border line between the work level for a given subject which is followed 
by’- proteinuria and that which is not is quite sharp. Thus, with LHR, running 
at 7.2 miles per hour for 11 minutes brought out protein in the first two post- 
exercise samples, Avhile 6.7 or 5.7 miles per hour for 20 minutes failed to produce 
proteinuria. For CML (table 4 and figure 2) the effect of running 6.2 miles per 
hour for 12 minutes Avas as great as AA'as 7.2 miles per hour for 11 minutes Avith 
LHR, and CML shoAA'ed protein in the first tAVo postexercise samples. Running 
at 5.6 miles per horn- AA'as someAvhat less strenuous for RCC, aa'Iio shoAved protein 
only' in the first postexercise sample. Siibjecl LHR Avas in the best phy'sical 
condition, AA'as capable of greater AA'ork performance, and required a higher level 
of performance to bring on proteinuria. The speed of running for a period of a 
feAv minutes necessary to bring on proteinuria Avould probably' show good corre- 
lation with other criteria of physical fitness, the threshold speed for the less fit 
being about 5.5 or less and for the most fit 7 or more miles per hour. 

These findings thus support, although they' do not prove, the vieAA' that under 
great stress many glomeruli may cease functioning, a vieAA' recently restated Avith 
additional evidence (10). They' indicate that such dropping out of glomerulai 
function occurs only imder great stress and that the usual degrees of exercise 
cause a generalized renal vasoconstriction AA-ithout determinable dropping out of 
glomeruli. Evidence against glomerular intermittence as a normal occurrence 
in the anesthetized dog and rabbit has been obtained on the basis of completeness 
of renal vascular injection AA'ith India ink (11). Constancy of glucose Tm indi- 
cates absence of glomerular intermittence in man at rest, during diuresis oi 
periods of renal hyperemia, or imder the influence of A'arious drugs, although a 
sufficiently' large dose of adrenalin can close many' glomeruli (12). 

DISCUSSION 

It is shoAA'ii that the renal vascular bed constricts in response to the normal 
stimuli of exercise and that the degree of constriction is proportional to the 
severity of exercise, the resistance being increased at least five-fold during heai'y 
exercise. Cutting doAA'n of the renal blood floAA' from a liter or more per minute 
at rest to 200-250 cc. per minute during exercise contributes about a liter of extia 
blood floAA' to the active regions. In so far as a rise in plasma glucose may' he 
taken as an index of adrenalin output, it appears that significant increase m 
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adrenalin output does not occur until exercise reaches a high level. The renal 
vasoconstriction seen on light to moderate exercise is apparently due to vaso- 
constrictor nei-ve impulses, the constricting action of adrenalin on the renal 
vessels being added as exercise beomes more severe. The renal vasoconstriction 
of maximum exercise for relatively brief periods may progress to the point where 
many glomeruli drop out of function, as indicated by postexercise proteinuria; 
whether this comes on only when adrenalin output is increased cannot be stated 
Avith certainty. 

A further possibility, suggested by Trueta’s work (10), that during exercise 
the PAH plasma clearance is no longer a measure of renal plasma flow because 
of shimting of blood through regions which do not extract PAH, may be con- 
sidered. According to Trueta, stimulation of the splanchnic nerve or of the 
renal nerve plexus, or massive intravenous doses of adrenalin may, particularly 
in the rabbit, cause selective constriction of the cortical vessels to complete or 
almost complete closure, rvith diversion of blood through the juxtamedullary 
glomeruli and the vasa recta springing from their efferent arterioles. Our find- 
ings show conclusively that the ‘effective’ renal plasma flow is reduced but do not 
tell udiether the constriction is confined to the cortical vessels. Nor do they tell 
Avhether ‘effective’ renal plasma floiv becomes less than total renal plasma floiv, 
due to diversion of blood into noneffective renal tissue. If Trueta’s concept of 
the diversion channels is correct, some of the diverted blood passes “from the 
‘arcuate’ and proximal parts of the interlobular arteries, via the juxtamedullary 
glomeruli, to the corresponding veins Avithout traversing a capillary network” 
(p. 64). This AA'ould result in less complete PAH extraction and PAH plasma 
clearance, A\hile still a measure of ‘effective’ renal plasma Aoaa'^, Aimuld no longer 
be a measure of total renal plasma flow. Our experiments do not exclude the 
possibility of diversion through noneffective channels, but since the fall in PAH 
clearance increases progressiA^ely AAnth increasing exercise levels, the results seem 
more simply explained on the basis of progi'essive vasoconstriction, AAuthout 
inAmlcing the opening of shunts. A posittye answ'er could be obtained by observ- 
ing, through renal A'ein catheterization, A\diether the renal extraction of PAH is 
diminished on e.xercise; such experiments have not been attempted. 

SUMMARY 

1. Increase in protein intake at a single meal had no significant influence on 
PAH clearance or on renal Avascular resistance in normal man and slightly raised 
inulin cleaiance, 220 grams of protein daily for a AA'^eek raised PAH clearance 18 
pel cent and inulin clearance 31 per cent, and loAA’ered renal A'^ascular resistance 
12 per cent. 

2. PAH clearance averaged 19 per cent loAA'er and inulin clearance 8 per cent 
lower on standing than in recumbency; renal vascular resistance averaged 22 
per cent higher on standing, due to A^asoconstrictor impulses rather than to 
increased adrenalin output. 

3. Immersion of a hand in painfully cold ice AA'ater at 0° C. produced a slight 
fall m PAH and inulin clearances AAith a slight rise in mean blood pressure; a pure 
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cold stimulus through hand immersion in water at 14-15° C. had no effect on 
clearances or mean blood pressure in the one normal subject studied. 

4. Light exercise produces slight falls in PAH and inulin clearances. Mod- 
erate to moderately severe exercise lowered PAH and inulin clearances to half 
or less of their resting values and at least doubled renal vascular resistance; 
protein may appear ui the first postexercise urine samples. Brief maximum 
exercise lowers PAH and inulin clearances to 20 per cent or less of their resting 
values while renal vascular resistance is increased at least five-fold; a longer period 
of maximum exercise at a lower rate is less effective, reducing clearances to about 
a third of their resting values. Rise in plasma glucose, taken as a tentative 
index of increased adrenalin output, usuall5’- is not marked rmless exercise is 
severe; in a given subject it is proportional to the severity of exercise. 

5. Protein did not appear in the urine formed during even the severest exercise 
of these experiments but after severe exercise was present in the first one or two 
postexercise samples. The interpretation of the findings is that exercise brings 
on generalized renal vasoconstriction and that only at the maximum work levels 
do anj’- large munber of glomeruli drop out of fimction, occurrence of postexercise 
proteinuria being taken as an index of such dropping out during exercise. 

REFERENCES 

1. Smith, H. W. Harvey Lectures 35: 166, 1939. 

2. Smith, H. W. University of Kansas Lectures. 1943, p. 58. 

3. McCann, W. S. and M. J. Romansky. Jour. Am. Med. Assoc. 115: 573, 1940. 

4. Bbun, C., E. 0. Knudsen and F. Raaschou. Acta Med. Scand. 122: 315 and 332, 1945. 

5. Brun, C., E. 0. Knudsen and F. Raaschou. J. Clin. Invest. 25: 568, 1946. 

6. Wolf, G. A. Trans. Assn. Nerv. Ment. Dis. 23: 358, 1943. 

7. Barclay, J. A., W. T. Cooke, R. A. ICenney and M. E. Nutt. J. Physiol. 104: 14P, 
1945. This Journal 148: 327, 1947. 

8. Findley, T. and H. L. White. Proc. Soc. Exp. Biol. Med. 45: 623, 1940. 

9. White, H. L., I. T. Rosen, S. S. Fischer and G. H. Wood. This Journal 78: 185, 1926. 

10. Trueta, j., a. E. Barclay, P. M. Daniel, K, J. Franklin and M. M. L. Prichard. 
Studies of the Renal Circulation. Springfield, 111., Charles C Thomas. 

11. White, H. L. This Journal 128: 159, 1939. 

12. Smith, H.W. University of Kansas Lectures, 1943, p. 93. 



DURATION OF RENAL ISCHEMIA REQUIRED TO PRODUCE 

UREMIA^ 

PAUL B. HAIMILTON, ROBERT A. PHILLIPS^, and ALMA HILLER 

With the technical assistance of Emilt G. Standby, Wiluam H. Becker, PhM 2/c and 

John Pdazin 

From the United, States Navy Research Unit at the Hospital of The Rockefeller Institute for 

Medical Research, New York, New York 

Received for publication February 24, 1948 

Bywaters and his colleagues (1) early in the late war drew attention to the fact 
that shock from crush injuries and other traumata is not infrequently followed 
by renal failure that persists after other signs of shock have disappeared and can 
result in fatal uremia. Experiments from this laboratory, presented in a pre- 
liminary report in 1944 (2), and later detailed (3), showed that severe hemor- 
rhagic or traumatic shock in dogs could cause almost complete cessation of renal 
blood flow. Lauson, Bradley and Cournand (4) at about the same time reported 
decreased renal blood flow in hmnan cases of shock. Since these effects could 
occur while the arterial blood pressure was as high as 80 to 100 mm . it appeared 
that the decrease in renal blood flow was due to vascular constriction (2, 3). Of 
the different hypotheses that had been advanced concerning the cause of the 
renal damage produced by shock (see Luck4, 5), the demonstration of decreased 
renal blood flow supported the hypothesis that renal ischemia existing during 
the shock state is a cause of subsequently persisting renal failure (2, 3), 

To test this hypothes's further, renal ischemia was produced in dogs (2) by 
ligating the renal arteries for varying periods, and the after effects on renal func- 
tion were observed. Ischemia of two-hours’ duration was followed by temporary 
depression of urea clearance to nearly zero, but gradual recover}’- followed during 
a period of two or three weeks, and renal function might be completely restored. 
Ischemia of over four-hours’ duration uniformly caused irreversible renal injmy 
leading to death in irremia in four to eight days. Histological examinations by 
Dr. Jean Oliver showed that the glomeruli appeared to be normal, but that, in 
the distal tubules, there were changes resembling those seen in cases of uremia 
following the crush sjmdrome. 

The present paper presents details of, and additions to, the original experi- 
ments performed to determine the duration of renal ischemia necessary to cause 
irreversible damage. As -vvdll be seen, dogs sinvived renal ischemia for two hours. 

^ ' The work described in this paper -was done under a contract, recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development and 
The Rockefeller Institute for iMedical Research. The Bureau of Medicine and Surgery of 
the U. S. Navy does not necessarily undertake to endorse views or opinions which are ex- 
pressed in this paper. 

* Commander, iMedical Corps, United States Naval Reserve. 
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Depending on environmental temperature, nutritional state of the animal, etc., 
three hours of renal ischemia might or might not be fatal. 

At the time these experiments were undertaken, except for one paper by 
McEnery, Meyer and Ivy (G), no data could be found in the literature to indicate 
the diu’ation of renal ischemia required to cause irreversible injury of the kidneys 
in dogs. McEnery et al. state, “Dogs may or may not survive a 30- to 60-minute 
period of ischemia of lioth kidneys”. Scarff and Keele (7), confirmed recently 
by Badenoch and Darmady (8) found that one or two hours of occlusion of the 
renal artery produced irreversible renal damage in rabbits. To judge by com- 
parison with our results, irreversible damage to the kidnej^s is caused by ischemia 
of somewhat shorter duration in rabbits than in dogs. 

METHODS 

1. Method of 'producing renal ischemia. The following procedure was applied 
with aseptic precautions to a series of female dogs under sodium pentobarbital 
anesthesia. 

Through a midline abdominal incision the right kidney was excised. The 
left kidney was mobilized bj"- dividing between silk ligatures the parietal peri- 
toneum and the accompanjdng capsular vessels about one inch from the kidne 3 ^ 
The renal arterj’’ was dissected free down to its origin from the aorta for a dis- 
tance of 1 5 to 2 cm. Two serrefines, with jaws covered by rubber tubing and 
with springs of sufficient strength to obliterate the arterial lumen without damag- 
ing the intima, were then applied to the renal artery. The time of application 
of the serrefines was noted and the wound closed in layers with silk. In none of 
our experiments was the renal vein or the ureter obstructed. The presence of 
the ureteral vein and artery was noted at operation but it was felt unwise to 
ligate the ureteral arteiy even though in some instances it wms obvious that some 
blood was still entering the kidnej'’ through this small vessel. 

Following the removal of the serrefines the kidney was tacked in its original 
position by mattress sutures placed through the renal peritoneum and the dorsal 
abdominal wall at the four poles of the kidney. The abdominal incision was 
closed with lajmred silk sutures. 

2. Chemical deterininalions. The blood urea nitrogen concentration was 
followed in all experiments bj’’ the manometric hypobromite method of 'i'^an 
Sljdve and Kugel (9). In experiments performed in the months of June and July 
1944 continuous 24-hour urea clearances were also performed. Urine urea 
detenninations were made by the method of ^^an Slyke and Cullen (10). In 
this series of experiments urea clearances were performed before the serrefines 
were applied to the renal arterj'^ and for the twm hours after release of the serre- 
fines, at which time the animal was still under sodium pentobarbital anesthesia. 
Subsequently the animals were placed in metabolic cages and 24-hour collections 
of urine obtained. The urea clearances were followed imtil the death of the ani- 
mal or until the clearance had returned to the normal range. 
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RESULTS 

Experiments Perfoi-med in January, February and April 1943 

1. Renal ischemia for one hour. Six dogs subjected to renal ischemia for one 
hour survived more than 30 days. 

2. Renal ischemia for two and three hours. Six dogs were subjected to renal 
ischemia for two hours and six dogs were subjected to renal ischemia for three 
hours. One animal in this series died on the fourth post-operative day with a 
large B Coli abdominal abscess, the remainder of the dogs in this series survived 
more than 30 days. 

3. Renal ischemia for four hours. Of six dogs subjected to renal ischemia for 
four hours, three lived for. more than 30 days; three dogs died after 4, 4 and 10 
da 3 '’s with blood urea nitrogen concentrations at death of 157, 182 and 320 mgm. 
per 100 cc., respectively. 

4. Renal ischemia for six hours. Two dogs were subjected to renal ischemia 
for six hours. Both died in uremia after 4 and 10 days, respectively. 

5. Bilateral nephrectomy. Two dogs were subjected to removal of both kid- 
neys. They died on the fourth and eighth day, respectively, in uremia, verifying 
the observations of Hoff, Smith and Winkler (11). 

Experiments Performed in June and July 1944 

1. Renal ischemia for two hours. Five dogs were subjected to renal ischemia 
for two hours; all survived for over 30 days. 

2. Renal ischemia for three hours. Of five dogs subjected to renal ischemia 
for three hours, two dogs survived for over 30 days; the three dogs that died sur- 
vived 6, 9 and 15 days and the blood urea nitrogen concentrations at death were 
374, 361 and 462 mgm. per 100 cc., respectively. 

In our first series of experiments with renal ischemia of three hom’s’ duration 
it will be noted that the experiments were pei’formed in the winter and spring of 
the year when the environmental temperature was never above 80° F., while the 
second series of experiments AA'ere performed in the summer months when the 
environmental temperature was often above 95° F. and the humidity was also 
greatlj’- increased. It appears that the increased environmental temperature and 
humidity in the summer months may have been responsible for the increased 
mortalit}^ of the dogs subjected to three hours of renal ischemia during this time 
of the year (cf. Lusk, 12, p. 151-155). 

Blood Urea Changes 

In figure 1 the plasma urea nitrogen concentration changes in one animal which 
had a bilateral nephrectomy are compared with the plasma mna nitrogen changes 
in three dogs subjected to renal ischemia of three hours’ duration. The neplirec- 
tomized dog, K-7, died on the fifth day. K-91 and K-90, subjected to three 
hours of renal ischemia, died on the sixth and fourteenth day, respectively. 
These experiments were performed in the summer months. K-11, subjected to 
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three hours of renal ischemia in April, survived for over 30 days. The urea con- 
centration curve of K-11 is quite typical of the type of curve seen in all animals 
that survive. It will be noted in this animal that the blood urea rose at a steady 
rate for three days then remained practically stationary for two days and subse- 
quently decreased. Histological studies of the kidneys of dogs subjected to renal 
ischemia for one, two and three hours will be reported elsewhere by Dr. Jean 
Oliver. However, we can state that the histological evidence for regeneration of 



IDays aftep clamping i»enal antery for> 3 tiouns 
OP aftep bilateral nephrectomy 

Fig. 1. Course of changes in feasma urea nitrogen concentration in a bilaterally 
nephrectomized Dog (K 7) compared with changes in three dogs subjected to renal ische- 
mia of three hours’ duration. 

Iddney tissue subjected to renal ischemia does not appear before the third day 
after induction of ischemia. 

Wrea Clearance Studies Following Renal Ischemia 

Figure 2 compares the urea clearance and plasma urea nitrogen concentration 
in dog K-89 subjected to two hom-s of renal ischemia on Jime 28, 1944. There 
is a steady improvement of the urea clearance in the first three days folloiving 
induction of ischemia, although during this time there is a steady increase in the 
blood urea nitrogen. Although renal function was improving from the day of 
operation, three days were required before the improvement progressed far 
enough to stop the rise of blood urea. The urea clearance rose in about 35 days 
after induction of ischemia, to a level that was estimated, from the experiments 
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of Rhoads, Alving, Hiller and Van Slyke (13) to be normal for a one-kidney dog 
of its size. 



Pig. 2. Course of ch.^xges ix xuiea cleabancb and plasma urea nitrogen concentration 
in Dog K 89 after two hours of renal ischemia. 

5^Pig. 3. Course of chaxges ix ure.a clearance and plasma urea nitrogen concentration 
in Dog K 90 after three hours of renal ischemia. 

Figures, K-90, compares urea clearance with plasma ureanitrogen concentration 
in a dog wliich survived for 14 days after being subjected to three hours of renal 
ischemia. In contrast to K-89, this animal after the first three days following 
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three hours of renal ischemia showed no tendency for improvement of the urea 
clearance, after the fifth daj’- there Avas a sIoav doAVUAA^ard trend. 

SUMMARY 

1. Dogs Avith the right kidney remoA’-ed uniformlj’^ survived clamping of the 
left renal artery for tAvo hours. Some dogs surviA’^ed clamping of the renal artery 
for three or four hours. Death in uremia regularly ensued AAuth longer clamping 
of the renal artery. 

2. In dogs subjected to three hours of renal ischemia the mortality v^as greater 
during summer, Avnth high environmental temperature and humidity, than during 
Avinter, Avith Ioav temperature and humidity. 

3. After the clamp Avas remoA'^ed from the renal artery, the urea clearance AA^as 
extremely Ioav, of the order of one to 10 per cent of normal, and blood urea began 
to rise rapidl 3 L If recoveiy ensued, a steady rise of renal function occurred as 
measured b}'’ the urea clearance, and the clearance eventuallj’’ reached a normal 
level, although a month AA^as sometimes required for it to do so. If recovery did 
not take place, renal function remained at a low IcA’-el, Avith progressiA’-e rise in 
blood urea nitrogen terminating in uremia and death. 
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In other papers (1, 2) it has been demonstrated that renal ischemia of two-hour 
duration, caused by clamping the renal arteries of dogs, although not quite 
sufficient to cause irreversible injury, was followed by a period during which the 
urea clearance was depressed to a small fraction of its normal value, the blood 
urea nitrogen rose, and normal function was regained only in the course of two or 
three weeks. 

The fall in urea clearance might be due to 1) decrease in the renal blood flow, or 
2) decrease in the proportion of plasma Avater, AAuth its urea and other crystalloid 
solutes, filtered in the glomeruli or 3) increase in reibsorption of urea in the 
tubules, such as might occur if the tubular AA^alls AA'ere so devitalized by the is- 
chemia that they could not prevent back diffusion of urea Avith reabsorbed AA’ater. 

In an attempt to determine Avhich of the three factors AA^ere responsible, experi- 
ments of the folloAAdng type Avere performed. The right kidneys of female dogs 
Avere removed, and the dogs Avere infused Avith a solution of para-amino hippuric 
acid (hereafter designated as PAH) and creatinine, as described in a previous 
paper (3). The left kidneys AA'ere subjected to ischemia by clamping the renal 
arteries for periods of 20, 60 or 120 minutes. At intervals up to tAvo hours after 
remoA^al of the clamps blood A\^as draAAm simultaneously from the renal artery and 
the renal vein, analj^ses of the plasma from these bloods Avere made for creatinine 
and PAH and the rates of excretion of both substances in the urine AA’-ere 
determined. 

Of the thi’ee factors considered as possible causes for the persisting Ioav urea 
clearance after renal ischemia, the results of the experiments could be expected 
to give indications as folloAA^s. 

1. Renal blood floAv could be calculated from the PAH values by the Fick 
principle, as (PAH excreted per minute)/ (PAH remoA'^ed bj'' the kidneys from one 
cc. of renal blood). This principle of measiuing renal blood floAv A\^as introduced 
by Van Slyke, Rhoads, Hiller and Alrung (4), aaLo used urea as the measured 

* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and The Rockefeller Institute for Medical Research. The results were in part pre- 
sented in 1944 by the authors and collaborators (1) in a report on the effects of shock on the 
kidney. The Bureau of Medicine and Surgery of the U. S. Navy does not necessarily 
undertake to endorse views or opinions which arc expressed in this paper. 

• Commander, Medical Corps, United States Naval Reserve. 
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excretory substance. However, since only about 12 per cent of the blood urea is 
extracted by the kidneys, while an average of 87 per cent of plasma PAH is ex- 
tracted (1, 3, 5) the PAH extraction can be measured more accurately. Previous 
experiments (1, 3) have Shown that consistent values for renal plasma flow are 
obtained by the Pick principle, vdth PAH as excretory’' substance. 

2. The fraction of plasma water Altered could be estimated from the fraction of 
creatinine extracted from the renal plasma, 'provided that the ischemia does not 
so injure the tubules that they permit some of the creatinine filtered in the glo- 
merulus to diffuse back into the blood vdth the water reabsorbed from the tubular 
umina. Previous studies (6) have indicated that creatinine in the normal dog is 
excreted entirel}'- by glomeridar filtration, without significant tubular re- 
absorption. 

3. The functional state of the tubular cells could be indicated by the com- 
pleteness with which the Iddneys remove PAH from the renal blood plasma. 
Since normally an average of 87 per cent is removed (1, 3) while only 20 to 30 per 
cent can be considered to be filtered in the glomerulus (6), it follows that the 
greater part of the PAH removed from the plasma is normally excreted by the 
tubules. K, after renal ischemia, the tubules can at once resume extraction of 
PAH so complete that 87 per cent is removed from the renal plasma, it can be 
assumed as probable that the tubular cells are undamaged. If, however, there is 
a severe decrease in the PAH extraction, it may be taken as evidence of deranged 
tubular function and would suggest the possibility that the renal malfunction 
may include increased permeability to back diffusion of urea from the tubular 
lumina to the blood. Normally the tubules limit back diffusion of urea to about 
40 per cent of that filtered (G, 7). 


METHODS 

1. Operative and experimental procedures. Female dogs were used. After 
anesthetizing with sodium pentobarbital, the spleen and right kidney were ex- 
cised through a midline abdominal incision. The peritoneum and adventitia 
overlying the left renal vein were then dissected free from the vein so that samples 
of blood could be readily obtained. The parietal reflection of renal peritoneum 
was then excised between the upper and lower poles of the left kidney to permit 
exposure and dissection of the artery for a distance of one half to two cm., suffi- 
cient to accommodate the serrefines applied subsequently for the production of 
renal ischemia. A urethral catheter was inserted into the bladder and strapped 
in place. A ureteral catheter was inserted into the fore-limb vein and was 
connected to a continuous intravenous infusion pump, for the infusion of the 
solution of creatinine and PAH (3). 

The technique for obtaining blood and urine samples was as described by 
Phillips et al. (3) . Blood was draAAm from the renal vein with a syringe provided 
ndth a curved No. 20 hj-podermic needle; the needle was bent in a 90° curve so 
that its point was at right angles to the syringe axis. This facilitated puncturing 
the renal vein to obtain the sample. Care was taken to avoid undue tension on 
the kidney, its vessels and the ureter at the time of sampling, and in addition 
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care was taken to avoid any tension on the abdominal vena cava at the time of 
sampling. 

In these experiments it was of interest to follow the clearance and extraction 
of creatinine and PAH immediately after release of the serrefines applied to the 
renal artery. Consequently the peritoneum and capsular vessels at the upper 
and lower pole of the kidney were left undivided, to insure that the Iddney would 
remain in its original position and that kinking of the ureter, renal vein and renal 
artery would be minimized. As pointed out in the preceding paper (2), some 
blood does enter the Iddney by way of the capsular vessels (not divided in these 
experiments) and in some animals by way of the ureteral artery. However, the 
amount of such vascular supply is small compared to the supply obtained through 
the renal artery. 

Priming, followed by sustaining, infusions of creatinine and PAH were given,, 
and one hour was allowed for attainment of equilibrium of creatinine and PAH 
between plasma and cells (3). One hour after start of the sustaining infusion 
three urine samples, collected during successive periods of 10 to 15 minutes each, 
were obtained. Blood was drawn from the femoral artery before the start of the 
first urine period and at the end of the third urine period. A sample of renal 
venous blood was obtained in the middle of the second m-ine period. After these 
control observations serrefines with rubber-covered jaws were applied to the renal 
artery for varjdng periods of time, which, in 3 series of experiments were approxi- 
mately 20 minutes, 60 minutes and 120 minutes respectively. Ten minutes after 
release of the serrefine a sample of arterial blood was dranm and urine samples 
were obtained every 15 minutes for the subsequent two or more hours. Arterial 
blood samples were obtained at frequent intervals from the femoral artery. 
Renal venous blood samples were obtained at approximately 20, 60 and 120 
minutes after release of the serrefines. 

During application of the serrefines the sustaining infusion was discontinued. 
TlTien renal ischemia was maintained for 120 minutes bladder washings for 110 
minutes of this time were obtained. The smallness of the amoimts of PAH foxmd 
in these bladder washings, obtained during the period of ischemia, was a further 
check on the completeness of the renal ischemia. In two experiments both 
kidneys of each dog were excised and the bladder clearance of PAH (clearance 
estimated from PAH in bladder washings of the nephrectomized dogs) was deter- 
mined ndth plasma PAH concentrations of 4-6 mgm. per 100 cc. The bladder 
clearance was found to be in the range of 0.02-0.04 cc. per minute. In the expeii- 
ments here reported the PAH clearance durmg 120 minutes of renal ischemia were 
never more than 10 times the bladder clearance, indicating that the renal ischemia 
was nearly complete. 

2. Method of adminislralion and analysis of creatinine and PAH. The tech- 
niques used for administering creatinine and PAH and for analyzing plasma, 
blood and urine for these substances have been described prerdously (3). PAH 
concentrations found in plasma of renal venous blood were corrected as previously 
described (3), for diffusion of 5 per cent of the plasma PAH in vitro from plasma 
to erythrocjdes during the draning and centrifuging of the blood. 
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RESULTS AND DISCUSSION 

Renal blood flow. The results in table 1 indicate that, after renal ischemia for 
periods up to two hours, when the clamps were removed from the .renal arteries 
blood flow through the kidneys was soon reestablished. Renal plasma flows, 
measured 90 to 120 minutes after release of the clamps, averaged 81 to 85 per cent 


TABLE 1. Effects of clamping renal artery for varying lengths of time on subsequent renal 
function (one-kidney dogs) 


t 


% OF EXCRETORY SUBSTANCE E.XTRACTED FROi 
RENAL PLASMA 

RENAL PLASMA FLOW^ 

RENAL PLASMA FLOW 
ESTIMATED AS I.IS X PAH 

DURA- 

DOG 

Para-amino hippuratc 

Creatinine 





CLEARANCE 

CLAMP- 

ING 

NO. 

Before 

clamp- 

ing 

renal 

artery 

15-20 

min. 

after 

release 

of 

clamp 

90-120 

min. 

after 

release 

of 

clam p 

Before 

clamp- 

ing 

15-20 

min. 

after 

release 

of 

clamp 

90-120 

min. 

after 

release 

of 

clamp 

Before 

clamping 

15-20 
min. 
after re- 
lease of 
clamp 

90-120 
min. 
after re- 
lease of 
clamp 

Before 

clamping 

15-20 
min. 
after re- 
lease of 
clamp 

90-120 
min. 
after re- 
lease of 
clamp 

min. 

20 

N2 

0.91 

0.85 

0.88 




cclmin. 

157 

cc/min. 

9G 

edmin. 

48 

cclmin. 

164 

cclmin. 

94 

cclmin. 

49 

2C 

N3 

0.S5 

0.79 

0.73 

0.33 

0.21 

0.21 

48 

85 

85 

47 

97 

71 

20 

N4 

O.SO 

0.57 

0.61 

0.30 

0.23 

0.38 

33 

22 

18 

30 

14 

13 

20 

NO 

0.90 

0.90 

0.72 

0.17 

0.22 

0.26 

61 

58 

46 

63 

00 

38 

Mean 95 of 
value be- 
fore clamp- 
ing 

100 

90 

85 

100 

90 

118 

ICC 

101 

85 

100 

91 

■I 

60 

N6 

0.70 

0.39 

0.50 

0.33 

0.15 

0.20 

67 

37 

66 

59 

17 


60 

N7 

0.83 

0.07 

0.71 

0.22 

0.16 

0.25 

99 

98 

76 

94 

29 

46 

60 

N8 

0.81 

0.31 

0.38 

C.22 

0.05 

0.15 

96 

67 

72 

90 

24 

31 

Mean % of 
value be- 
fore clamp- 
ing 

100 

57 

60 

100 

47 

72 

100 

75 

84 

IOC 

29 

49 

120 

K69 

0.90 

0.11 

O.Il 

0.23 

0.02 

0.02 

87 

57 

76 

90 

7 

9 

120 

K67 

0.91 

— 

0.20 

0.19 

__ 

0.05 

93 

— 

56 

96 

— 

13 

120 

K6S 

0.94 


0.43 

0.22 


0.14 

42 

— 

36 

46 

— 

17 

120 

K70 

0.92 

0.10 

0.13 

— 

— 

— 

116 

52 

90 

122 

9 • 

14 

Mean of 
value be- 
fore clamp- 
ing 

100 


24 

100 


37 

100 


81 

100 



18 


■ Renal plasma flow measured as (mgm. PAH excreted per min.) / (mgm. PAH extracted from 1 cc. of plasma). 


of the pre-ischemic flows, whether the period of ischemia had been 20, 60 or 120 
minutes. The decrease of urea clearance nearly to zero, noted previously (1) as 
a sequence of clamping the renal artery for two hours, was evidently not due to 
failure of blood flow to return to the kidneys after the clamps were removed. 

PAH extraction and tubular damage. The PAH extraction values indicate that 
tubular function was severely deranged b 3 '' two hours of ischemia. The damage 
was progressive with the duration of the ischemia, as indicated by the progressive 



RENAL ISCHEMIA IN DOGS 


527 


decrease in the fraction of PAH extracted from the renal plasma; this fraction 
averaged 85 per cent of its pre-ischemic value after 20 minutes ischemia, 66 per 
cent after 60 minutes and 24 per cent after 120 minutes of ischemia, the extrac- 
tions being averages measured 90—120 minutes after release of the arteiial clamps. 
This functional evidence of tubular damage agrees with the results of histological 
examination of the kidneys by Dr. Jean Oliver, mentioned in a previous 
report (1). 

Tubular reabsorption as a.catise of rmal failure after renal ischemia and shock. 
The functional effects of tubular injury have been studied by Richards (8), who 
observed in vivo the activities of the nephrons of frogs that had been poisoned by 
mercury and other nephrotoxic substances. He found that in the glomeruli 
blood flow and filtration ivent on at a fully normal rate, but that the filtrate was 
completely absorbed from the tubular lumina, so that no mine reached the 
bladder. Anuria resulted, not from failure of filtration, but from complete re- 
absorption of the filtrate. The poisoned tubular walls permitted unselective 
diffusion of the entire filtrate, presumably draum by the osmotic attraction of the 
plasma proteins, back into the circulation. The tubular walls apparentlj’' had 
become devitalized, so that they acted like inert permeable membranes. 

In view of the absence of evidence of marked glomerular or vascular injury and 
of the positive evidence, functional and histological, of tubular injury, it appears 
probable that tubular reabsorption of the type observed by Richards (8) causes 
the urea retention that follows sufficiently prolonged periods of renal ischemia, as 
exemplified by figure 1 (reversible) and figure 2 (irreversible) of the preceding 
paper (2). 

Luck4 (9) has noted in kidneys from cases of uremia following shock from war 
injuries that the type of tubular injury was identical with that observed in cases 
injured by nephrotoxic poisons, and points out, from analogy with Richards’ 
observations, that post-shock uremia is probably the effect of tubular injury 
caused by ischemia suffered during the shock, the renal failure being due to un- 
selective tubular reabsorption of the type observed by Richai’ds. Badenoch and 
Darmady (10) have compared side by side sections from the kidneys of patients 
dying in post-shock uremia with sections from the kidneys of rabbits in which 
uremia was caused by two-hour ligation of the renal arteries, and have found the 
type of tubular lesions practically identical. Results in previous papers from 
this laboratorj^ (3) have shonn that hemorrhagic and traumatic shock of severe 
grade causes nearly complete cessation of blood flow through the kidneys of dogs. 

Ihese observations, taken with the present data showing that ischemia pro- 
longed over periods of hours comparable to the duration of shock in severe un- 
treated cases produces progressive damage to tubular function, indicate the 
probability that post-shock uremia is caused by reabsorption of excretory 
products through damaged tubular walls. It also appears, from Lucke’s (9) 
observation of the identical nature of the tubular lesions in post-shock uremia and 
in poisoning by sulfonamides and other nephroto.xic agents, that ischemia is one 
of many nephrotoxic agents that produce a common picture of tubular damage 
nith resultant renal failure from tubular reabsorption. 
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Cause of the dco'eased exlraclion of creatinine from the renal plasina after ischemia. 
In the kidneys of the normal dog excreting ordinarily large volumes of urine there 
is evidence that creatinine and inulin do not pass to a measurable extent in either 
dii’ection through the tubular walls, so that the fraction of either removed from 
the renal plasma is the fraction that is filtered out in the glomeruli (6, 11). It 
has been rather generally assumed that these relations hold also in abnormal 
kidneys, the clearance of creatinine or inulin in dogs and inulin in man serving as 
a measure of glomerular filtration. On such an assumption, a great decrease in 
the extracted fraction of creatinine, such as is seen in table 1 after two-hour 
ischemia, vithout a commensurate decrease in blood pressure, would be taken as 
evidence of decreased filtration due to decreased blood pressure in the glomerular 
capillaries, the fall in pressure being attributable to dilatation of the efferent 
vessels from the glomeruli. 

However, in view of the evidence of tubular damage in these animals, of 
Richards’ (8) evidence that such damage can cause abnormal tubular reabsorp- 
tion, and in view of the lack of evidence of efferent dilatation, it appears more' 
probable that the decrease in the filtered fraction of creatinine is attributable 
to back diffusion of creatinine through the injured tubular walls into the cir- 
culation. The condition appears to be similar to that found by Richards, West- 
fall, and Bott (12) in a dog vnth Iddneys previously damaged by uranium. 
Creatinine clearances were consistently lower than inulin clearances. The results 
were interpreted by Richards et al. as evidence of back diffusion of creatinine 
through the injured tubular walls, inulin back diffusion being less because of 


lesser diffusibility of the large inulin molecule. 

Interpretation of clearances as measures of renal blood flow and ghmeridar filtrate 
in conditions of tubular injury. Renal blood flow. Smith and his colleagues have 
shovm for normal men and dogs that the clearances of diodrast (13) and PAH 
(14) approach so nearly to otherwise estimated values of the renal plasma flow 
that it is evident that their extractions from the renal plasma must be nearly 
complete, and that their clearances, in terms of cc. of plasma cleared of diodrast 
or PAH per minute, may therefore be assumed to approximate the volume of 
plasma flowing through the kidneys. These conclusions have been confirmed for 
subjects with normal Iddneys; in both dogs (1, 3) and men (5) simultaneous deter- 
minations of PAH in arterial and renal venous plasma have shovm that an 


average of 87-88 per cent of the PAH is normally extracted by the kidneys. 
Hence, when the kidneys are normal, one can estimate the renal plasma flow as 
1.15 times the plasma PAH clearance, usually with but a small per cent error (3). 
This relation was sho^vn to hold in acute hemorrhagic and traumatic shock so 
severe that the renal blood flow was temporarily reduced to a small fraction of 
normal (3). How^ever, the results in the present paper show that when renal 
ischemia is sufficientlj’" complete and prolonged to cause severe tubular injury 
the relation no longer holds. Comparison of the last three columns of table 1 


with the preceding three columns shows that 1.15 times the PAH clearance 
approximately equaled the measured renal plasma flow’^ in observations made 
before the renal artery was clamped, and after release of the clamps when the 
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latter had been applied for only 20 minutes. But when the clamps had been 
applied for two hours the subsequent values of 1.15 times PAH clearance aA^eraged 
less than one fourth of the measmed renal plasma flow. It is evident that when 
the tubules are. injured PAH extraction may be so diminished that the PAH 
clearance indicates only a small fraction of the renal blood flow. Presumably 
the same limitation applies also to diodrast clearances. Smith has been careful 
to state that PAH and diodrast plasma clearances vdll fall short of renal plasma 
flows in proportion as, the fraction of PAH or diodrast extracted from the renal 
plasma falls short of unity. The present results indicate the need of keeping this 
reservation in mind, particularly in conditions where tubular injury’- may be 
present. 

Glomerular filtrate. In normal dogs there is evidence that the tubular walls 
neither excrete nor reabsorb creatinine and inulin (6); hence the fraction of 
either extracted from the renal plasma by the kidneys may be taken to be the 
fraction filtered in the glomeruli. On the evidence of the classical experiments 
of Richards and his collaborators (15) showing that plasma crystalloids and water 
are filtered in the same proportions that they have in the plasma, the fraction-of 
creatinine or inulin extracted can be taken as a measure also of the fraction of 
plasma water filtered, as long as the tubular walls retain their normal imper- 
meability to the creatinine and inulin. When the tubules are damaged, however, 
so that they cannot extract. PAH ndth normal completeness from the plasma, it 
appears possible that the tubular Avails may become sufficiently permeable to 
creatinine and inulin to peimit back diffusion of these substances from the tubular 
lumina into the circulation, in the manner observed by Richards (8), so that the 
amounts excreted are much less than those filtered in the glomeruli. For reasons 
discussed above, Ave are inclined to interpret the very low extractions of crea- 
tinine noted after two hours ischemia (table 1) to tubular back diffusion. Al- 
though the lack of an independent measure of glomerular filtration makes the 
conclusion less certain than those reached with regard to the interpretation of 
PAH clearances as renal blood flows in the same experiments, it appears that 
interpretation of clearances of creatinine, and of such similarly excreted sub- 
stances as inulin, mannitol, and thiosulfate, in terms of glomerular filtration rates 
is open to doubt in conditions where tubular damage may make reabsorption of 
these substances a possibility.® 

It is of interest in this connection that the impermeability of even norraal 
tubular walls to creatinine, in the case of man, appears to be not absolute. 
Cheslej’- (16) has found that AA'hen dehydration shrunk the urine flow of human 
subjects below 0.35 cc. per minute, reabsorption of all the urine solutes, including 
creatinine, occurred. 


® In a publication from this laboratory (3) on the effects of acute shock on renal function 
of dogs, the fraction of creatinine extracted from the renal plasma was used as a measure 
of the filtered fraction of plasma water. In this case the assumption was presumably 
justified, since simultaneous determinations of the e.xtracted fraction of PAH showed that 
this fraction was normal, 0.87 ± 0.04, indicating that the degree of shock used had not vet 
significantly injured the tubules. 
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SUMMAEY 

Dogs have been subjected to renal ischemia by clamping the renal arteries for 
periods varying from 20 minutes to two hours, and the effects on the renal func- 
tion have been studied by observations of the renal plasma flow and of the com- 
pleteness with which para-amino hippurate and creatinine were extracted from 
the renal plasma during two hours after removal of the clamps. 

Renal blood flow was quicldy resumed at a nearl}'^ pre-ischemic rate. 

The proportions of para-amino hippurate and ci-eatiriine extracted from the 
plasma were not markedly affected after 20-minute ischemia, but after two-hour 
ischemia they were reduced, the creatinine exti-action, in 3 experiments, to 63, 
26, and 9 per cent respectively of pre-ischemic values, 'the PAH extraction, in 4 
experiments, to 37, 14, 11, and 10 per cent, respectiveljL 

From the functional and histological effects of the two-hour ischemia, it appears 
probable that the decreases in extracted fractions were due to tubular injuiy, 
which decreased the proportion of plasma PAH excreted b}’^ the tubules, and 
increased tubular reabsorption of creatinine from the glomerular filtrate. The 
evidence supports Luckd’s view that post-shock uremia is the result of tubular 
reabsorption of excretoiy products. 

With tubular injury such as that caused b}' ischemia, PAH clearance does not 
serve as a measure of renal blood flow; and it appears doubtful that in the pres- 
ence of such injuiy clearances of creatinine and similarlj'^ diffusible substances can 
be interpreted as measures of glomerular filtration rate. 
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A previous communication in this series (1) dealt with the possible rela,tionship 
between derangements of intermediary carbohydrate metabolism and the progres- 
sive deterioration in traumatic shock. In this communication we present analo- 
gous data on intermediary protein metabolism in this disorder. 

The rise in total blood amino nitrogen in traumatic shock (1-4) has been 
attributed to impairment of the deaminating function of the liver (2, 3) and to 
increased production of amino acids because of accelerated tissue breakdoAvn (5) . 
Defective deamination was inferred from the finding of decreased urea synthesis 
bj^ liver slices taken from shocked rats (6) and the lack of sufficient urea accumu- 
lation in the blood of such animals subjected to nephrectomy followed by amino 
acid administration (7). Defective liver function in shock has been demon- 
strated (8, 9). Our objective is to identify the nature of the defect in liver 
function which is specificall}'’ related to the fatal character of the shock syndrome. 
If defective deamination occurs in shock, it is essential to our purpose to deter- 
mine whether it is causally related to the progressive deterioration in this con- 
dition. If the rise in blood amino nitrogen consequent to shock is referable to 
failure of deamination, the administration of additional amino acid during shock 
to an animal already laboring under a defective deaminating mechanism should 
result in abnormal persistence of the amino acid in the circulation. Further- 
more, if these abnormalities are intimately related to irreversibility of shock, they 
should not be favorabl)^ influenced by any therapeutic procedure which fails to 
result in survival. This report is concerned with e.vperiments designed to test the 
foregoing concepts. The data indicate that a) no correlation exists between the 
development of irreversibility to transfusion and the ability to clear the blood of 
injected amino acid and h) an}'^ delay in clearance of injected amino acid from the 
blood during shock does not persist after transfusion, whether therapeuticallj’’ 
effective or not and regardless of the blood amino-acid nitrogen level. 

METHOD 

Hemorrhagic shock was produced in morphinized mongrel dogs (8-12 kgm., 
fasted for only 12-24 hours) by a method previously described (10). Solutions 
of single amino acids in doses of 100 or 200 mgm. per kilogram were injected 

' The work described in this paper was done under a contract, recommended by the 
Connmttee on Medical Research, between the Office of Scientific Research and Develop- 
ment and Harvard University. ^ 
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intravenously before hemorrhage, dm-ing the oligemic phase of shock and follow- 
ing transfusion. The amino acids studied were d ,1-alanine, glycine, d ,I-cysteine 
hydrochloride, 1-lysine monohydrochloride, 1-tyrosine, 1-tryptophane, d,l- 
aspartic acid. A proprietaiy amino acid mixture (casein hydrolysate fortified 
with tiyptophane-Stearn) was also given in doses of 200 mgm. and 2.0 grams/ 
kgm. The volume of the injected solutions varied from 10 to 100 ml., depending 
upon the solubility of the amino acid. Solution of tyi’osine, tryptophane and 
aspartic acid was effected with the aid of sodium carbonate. 

Arterial blood specimens were taken immediately before each injection of 
amino acid and at 15-minute intervals thereafter for one hour. Blood total 
amino acid nitrogen- was determined by the method of Frame, Russell and 
Wilhelmi (11), blood lactate bj’- the method of Barker and Smnmerson (12), py- 
ruvate by the method of Bueding and Wortis (13), urea bj’ the method of Karr 
(14) and nonprotein nitrogen by the method of Koch and McMeekim (15), blood 
alanine by the method of Alexander and Seligman (16) and blood glycine by a 
modification of the method of Alexander, Landwehr and Seligman (17). In a 
few e.xperiments aspartic acid was determined by the method for alanine (16). 
By comparison with standards of aspartic acid, this method gave values which 
were approximate only, but of sufficient accuracy in the presence of large con- 
centrations of aspartic acid to be w-orthw'hile. 

RESULTS 

Data and results are summarized in table 1 and figiues are presented of repre- 
sentative experiments. Detailed analysis of the results for each amino acid 
follows. 

d,l-alanine tolerance tests (seven dogs in irreversible shock). (1) In th-enormal 
state, i.e., prior to the induction of shock, the injection of alanine in the two dos- 
ages used (table 1) increased total blood amino-acid nitrogen 3-5 and 5-10 mgm- 
per cent, respectively (figs. 1 and 2). In five of seven dogs the maximum increase 
wms immediate and a steady decline occmwed thereafter. In two animals the maxi- 
mum rise did not occm' until one hour after alanine injection. After one hour 
some 50-75 per cent of the increase had been dissipated in four dogs, 100 per cent 
in one. Alanine nitrogen paralleled the blood amino acid nitrogen except in one 
instance (fig. 1) in -which the latter remained high while the alanine fell to normal. 
This plus the fact that urea did not increase suggests a transfer of the alanine 
amino nitrogen to form, some other amino acid. 

(2) During the oligemic phase of hemorrhagic shock, the injection of alanine m 
six dogs produced a somendiat greater immediate increase in blood amino nitrogen 

- The -whole blood amino acid nitrogen will correctly reflect shifts in the plasma amino 
acid nitrogen so long as the hematocrit remains essentially constant. In these shock e^- 
periments the hematocrit does not -vary significantly. Hemodilution causing a drop in em 
atocrit from 45 to 35 per cent packe'd cells, which represents an extreme situation, 
effect a drop in blood amino nitrogen from, e.g., 8.7 to 8.1 mgm. per cent, if the ratio 
of amino acid in red blood cells to that in plasma is taken as 2 for the purpose of this ca cu 
lation. 



TABLE 1. Protocol data and summary of resttlts 


amino acid 


ot 

O V 

M w S 
d K ► 

« s I 


d, 1-Alanine 


Glycine 


AMMO 

ACID 

DOSE 


kormai. state 


Amino 

acid 

clearance' 


4 3 

5 


wsm. 

per 

kgm, 

100 

100 

100 

200 

2oo; 

200 

200 


Increase 
in blood 
level of 
urea* 


d,l-Cysteme 


1-Lysine 


1-Tyrosine 


16 

17 

22 ' 

26! 


I 

R? 


100 

1001 


good 

poor’ 

fair 

fair 

good 

fair 

poor’ 


good 

good 


++ 

+ 

0 


R 

I 


100 

200 ’ 


200 

2001 


1-Trypto- 

phane 


d,l-Aspartic 


7 

8 

lo; 

11 

12 


R 

I 

I 


Amino Acid 
Mixture 


27 

2Si 

29 

30 

31 
321 


R 

I 

I 

R 

I 


good 

good 


good 

good 


100 fair 
200 good 
200 fair 


200 | 

200 ! 


100 

100 

100 

100 

100 


good 

good 


200 

200 ' 

300 

2000 

2000 

2000 


good 

good 

good 
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good 


fair 

good 

good 

good 


-f+ 

++ 


hemorrhagic shock 


Amino 

acid 

clearance' 


fair 

fair 

good 

poor 

fair 

good 


Increase in 
blood level 
of urea* 


after transfusion 


Amino 

acid 

clearance' 


Increase 
in blood 
level of 
urea* 


0 

++ 

d-d- 


fair 

fair 


good 

poor 


good 

poor 

fair 

fair 

fair 

good 

good 


good 

good 


d-d- 

0 


d — }- 
0 


0 

-j — l- 


d- 

d-d- 

d-d- 

0 


fair 

good 


d-d- 

d-d- 


poor 

poor 

good 


good 

fair 


poor 

poor 

poor 

good 

poor 


d-d- 

d-d- 


good 

good 


d-d- 

d-d- 

d-d- 


good 

good 


-| — [- 
d-d- 


good 

good 

fair 


good 

good 


fair 

fair 

poor 

fair 

fair 


0 

d- 

-i — h 

0 

0 


good 

good 

fair 

fair 

poor 


d-d- 

d-d- 


d-d- 


d-d- 

d--t- 


-| — }- 
d — t- 


good 

good 

fair 


fair 


d- 

d-d- 

d- 


0 


Total. 


19 good 
6 fair 
2 poor 


60 
2 d- 
7 d-d- 


7 good 
11 fair 
7 poor 


50 
1 d- 
10 d-d- 


17 good 
8 fair 
2 poor 


1 0 
2d- 
12 d-d- 


Total impression good 


d- 


fair 


d-to d-d- 


good 


d-d- 


' Amino acid clearance as indicated by determination of the total amino acid nitrogen. 
If the blood amino nitrogen levels one hour after injection were above the starting level by 
an amount equal to: 0-25% of the total rise, the clearance was considered ‘good’; 25-75% 
of the total rise, the clearance was considered ‘fair’; 75-100% of the total rise, the clearance 
was considered ‘poor.’ 

’ Urea synthesis was suggested by sharp elevations in blood levels following amino acid 
injection. In normals the rises in urea were not as high as in shock due to good renal 
function. Increases in the level of urea nitrogen from the time of amino, acid injection are 
defined as 0 for 0-1 mgm.% rise; -{- for 1-3 mgms.% rise; for above 3 mgms.% rise. 

’ In these experiments alanine was cleared normall3- as indicated by alanine determi- 
nations. Alanine nitrogen must have been transfered so as to form another amino acid. 
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than in the normal state (figs. 1 and 2). This was also true of the blood alanine 
nitrogen level in the three dogs in which alanine was determined. After one hour, 
from 50-100 per cent of the increase in blood amino acid nitrogen was still present 



in four experiments, and none of the increase was present in two. Fifty per cent 
of the increase in alanine was still present after one Imur in all thi'ee animals in 
which alanine was determined. 
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' Blood urea was studied in three dogs. There was a considerable increase in 
urea in two dogs (fig. 2). No urea synthesis occurred in the third, in which the 
increase in the amino acid level persisted dui'ing the period of observation. 

(3) After therapeutically ineffective transfusion. All the foregoing seven dogs 
proved to be in irreversible shock. Alanine was injected one half to one houi 
after transfusion. In four dogs the amino acid Avas administered AA'hile the blood 
pressure was still above 80 mm. Hgj in three dogs the blood piessuie AA^as falling 
rapidly to 35 mm. The increase and decline of the amino acid nitrogen level 
after alanine administration AA'as practically no different from that in the normal 
state in two dogs. Clearance Avas more efficient than in the normal in tAvo others, 
and sloAA'er than in the normal in three, tAvo of AAffiich AA^ere at a veiy Ioav h^’^po- 
tenswe level and died before the curve could be completed. Of the three dogs in 
AAhich alanine AA’as determined, Iaa^o showed the same rate of decline in alanine 
nitrogen as in the normal state and in one (early death) the decline A\'as sloAA’er 
than in the normal or oligemic phase. 

Of three dogs in AAdiich urea curves Avere obtained, tAvo shoAved some rise in 
blood urea; in the third animal urea nitrogen increased about 12 mgm. per cent 
(fig- 2). 

(4) Lactic and pyruvic acids. Alanine injections caused a moderate rise (10 
mgm. per cent) in lactate and a slight rise in pyruvate in the normal state and in 
tAvo dogs a marked rise in lactic acid and in the lactate/pyruA'-ate (L/P) ratio in 
the oligemic pliase of hemorrhagic shock. The marked characteristic drop in 
lactic acid and in the L/P ratio folloAving transfusion Avas folloAA^ed in three dogs 
by a secondary rise in lactic acid folloAving injection of alanine (fig. 1). 

Comment. Alanine AA'as cleared from the blood of the dog in shock someAAffiat 
more sloAvly than in the normal state in some dogs, but as AA’ell or eA'-en better than 
in the control state in others, especialfy after transfusion. The blood amino acid 
nitrogen level, usually elevated in shock, A\'as only temporarily affected by the 
alanine. Urea, lactic acid and pjuuvic acids AA^ere produced foIloAA’ing the injec- 
tion of alanine in the normal state, in the oligemic phase of hemorrhagic shock 
and following ineffective transfusion. 

Glyci?ic tolerance tests (tAvo dogs in irreA'-ersible shock). In the nonnal state, 
both dogs exhibited complete disappearance curries of the increased amino nitro- 
gen folloAAmg gl^'^cine injection. In the first there AA'as A’ery little increase in 
glycine, but there AA'as eAudence of pyruAuc and lactic acid formation (fig. 3). In 
the oligemic phase of shock glycine disappeared at the normal rate, but the in- 
crease in total amino acid nitrogen level consequent to the administration of 
glycine diminished at a slower than normal rate. Some alanine was produced 
(fig. 3). In the posttransfusion phase of irrermrsible shock the glycine disappear- 
ance curA'e AA’as normal and the lactic acid and L/P ratio dropped precipitously 
as usual, but the total amino acid nitrogen leA'el did not return to normal. 

_ CoMAiENT. Despite the fact that injected glycine disappeared from the blood 
in shock at a normal rate, the elevation in total amino acid nitrogen progressed 
AAuth the development of shock and continued high after transfusion. 

d,l-cysleine tolerance tests (two dogs, one in irreversible shock). One dog AA’as 
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irreversible to transfusion, the other (fig. 4) died in 36 hours (borderline reversi- 
bility). In the normal stale the total amino acid level rose slightly following 
injection of the amino acid, and as it retm-ned to normal in one hour, blood lu-ea 
increased. In the oligemic phase of shock cysteine clearance was good in one ani- 
mal and fair in the second (fig. 4). In this dog blood urea remained stationar 3 ^ 
After transfusion the increase in total amino acid nitrogen level which followed 
the cj'^steine injection fell as well as in the normal state. In both dogs urea rose 
to high levels after amino acid injection, simulating the pattern seen in the normal 
state. 

Comment. During the oligemic phase of shock, elevation in total amino acid 
nitrogen due to the injection of C 5 ’’steine was transient, except in one dog. In 
this instance the failure of urea s 3 Tithesis and amino acid clearance may be 
attributed to poor circulation through the liver, since both functions were normal 
after transfusion. The irreversibly shocked dog showed as good clearance as the 
dog in reversible shock. The usual rise in total amino acid nitrogen as shock 
progressed was perhaps less striking in dogs which received cysteine. 

l-lysine tolerance tests (two dogs, one reversible and the other irreversible to 
transfusion). In the normal state the injection of Ij^sine was followed by a rise in 
total amino acid nitrogen in onlj’- one animal. In this dog the preinjection level 
was regained in one horn’. Urea did not accumulate significantly, but the non- 
protein nitrogen rose seven mgm. per cent. This suggests that lysine was con- 
verted to nitrogen-containing compounds which are free of a-amino carbo.\y 
groups and not precipitated with deproteinizing agents (other than urea). ^ n 
the second dog, no rise in total amino acid nitrogen occurred, but uiea vas 
formed. High m'ea levels were not reached since normal kidney unction vas 

still’ present (fig. 5). _ r i, j i, . i 

In the oligemic phase of shock the injection of Ij’^sine vas follove y noima 
amino nitrogen clearance in the first dog and a near normal one in t e secon 
Urea rose in both and nonprotein nitrogen rose in the first.^ i i . + 

Following transfusion the usually liigh basal amino acid nitrogen eve v as no 
present and the total amino acid nitrogen disappearance curve vas norma . 
Urea production as seen in figure 5 occurred in both dogs. The nonprotein ni ro 
gen rose 20 mgm. per cent above the normal level in the first dog. r i. 
Comment. Normal disappearance curves were seen in all phases of sliocR 
following injection of Ij'^sine in two dogs. Tolerance to injected lysme vas e 

same in irreversible as in reversible shock. _ -n + + , 

l-tyrosine tolerance tests (three dogs, one reversible and two irreversi e o lans 
fusion). In the norrnal state the injection of tjwosine was followed y an imme i 
ate rise in total amino acid nitrogen in two dogs. In one of these, return near y 
to the preinjection level occm’red within one hour (fig. 6). Blood urea lemame 
relativel}’’ rmchanged. In the other animal the amino acid level was o y s ig y 
reduced after one hour. Lactic and pyruvic acid rose 24 and 2 mgm. per cen , 
respectively. In the third dog, no immediate rise in amino aci o ove m 
jection of tyrosine, but a small rise in urea was seen. The nonprotem nitrogen 
of two dogs did not rise significantly above starting levels. ^ 

In the oligemic phase of shock amino acid nitrogen rose further fol owing e 
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injection of tyi’osine, somewhat belatedly in one animal, steadily from the begin- 
ning in the second (fig. 6). In the third, return to preinjection level occurred. 
Rises in blood urea occurred in the first and second animals. The nonprotein 
nitrogen rose in the second and third. 

Following transfusion a normal amino acid tolerance curve was observed in two 
animals (one in reversible shock and one in irreversible shock), but in the third 
the curve was only fair, as was the case in this dog in the normal state. The rise 
in urea was strhdng in the first and second dogs and the final amino acid level 
was not significantly elevated. 



Fig. 5 

Comment. Variation in the tolerance curves following injection of tyrosine 
was noted in three normal dogs. In' shock, two of three dogs showed poor blood 
clearance of amino nitrogen accumulation consequent to tyrosine administration. 
After transfusion, the clearance was good in all animals irrespective of whether 
the animals. survived or died of shock. No correlation with irreversibility was 
demonstrable. The usual elevation in blood amino nitrogen associated with 
shock was not noted in these animals. 

^-tryptophane tolerance test (two dogs in irreversible shock). In the normal 
stale blood amino acid nitrogen was practically unchanged following the injection 
ot trjrptophane, but the nonprotein nitrogen rose, and in one dog urea con- 
centration rose. 

In the ohgemic phase of shock the amino acid nitrogen rose slightly following 
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the injection of tryptophane and the preinjection levels were reached within an 
hour. Urea rose after amino acid injection (fig. 7). 

After iransfiision there was good clearance of amino acid nitrogen following 
rises produced bj’’ the injected amino acid. Rises in blood urea were also ob- 




served following injection. In both dogs the blood pressure drojiped piecipi- 
tousb’’ to about 20 mm. Hg during the last tolerance test. In one the usual rapi 
drop in blood lactic acid did not occur. 

CoiEMENT. Normal amino nitrogen disappearance curves following injection 
of tiyptophane were observed in the normal state and in shock before and after 
transfusion. 

d ,l-aspartic acid tolerance test (five dogs, two reversible and three irreversible to 
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transfusion). In the normal state the injection of aspartic acid did not afifect the 
amino acid nitrogen level materially. In two instances (fig. 8) a drop,^ and m 
three a small rise followed by a drop to the preinjection level, occurred within 45 
rninutes. In one instance a small rise in lactic acid occurred. 

In the oligemic phase of shock total amino acid nitrogen rose following the 
administration of aspartic acid, and the change persisted in three animals (irre- 
versible shock). In the fourth (reversible) a slight drop occurred following the 
rise, and in the fifth (reversible) the aspartic acid was cleared so rapidly that no 
rise above the usual shock level occurred. Clearance of the aspartic acid as such, 
determined approximately by a modification of the alanine method (16), occurred 
during iiTe-\"ersible (two of three instances) and reversible shock (one of two 
instances). Lactic acid production was observed in two dogs and slight rises in 
alanine were also noted in one dog. 

Following transfusion amino acid nitrogen returned to a normal level in one of 
two dogs in reversible shock in spite of the injection of aspartic acid, but in the 
three irreversible dogs in which rapid circulatory failure occurred, the amino acid 
level remained elevated. Good clearance occurred in one of the irreversible dogs, 
but in the other two in which the clearance was poor and fair in terms of total 
amino acid nitrogen, clearance of aspartic acid was demonstrated by aspartic 
acid determinations. Lactic acid production occurred in three dogs following 
injection of aspartic acid (fig. 8). 

Comment. Rises in blood amino acid nitrogen resulting from injected aspartic 
acid persisted during the oligemic phase of hemorrhagic shock (except in one dog 
that recovered following transfusion). Better clearance of aspartic acid was 
shown by aspartic acid determination than by total amino nitrogen measurement. 
This suggests conversion of aspartic acid to another amino acid or fixation of its 
free carboxyl gi-oup so that decarboxylation to acetaldehyde in the determination 
of aspartic acid was prevented. Aspartic acid clearance Avas much improved 
after transfusion, although elevated amino acid nitrogen level persisted. Pro- 
duction of lactic from aspartic acid occurred in all phases of shock. This could 
occur by deamination and decarboxylation of the free carbox 5 d group. 

Amino acid mixture tolerance tests (six dogs in irreversible shock). In the 
normal state three of foiu’ dogs shoAved good blood disappearance cur\'es in one 
hour. The fourth e.xhlbited incomplete clearance (fig. 9). Hoav much of the 
amino acid was incorporated into protein caimot be stated. In one of these dogs 
(Exp. 30) a very large dose of amino acid mixture (2 grams/kgm.) raised the blood 
amino nitrogen level ninefold, j^et the starting concentration AA-as almost regained 
at the end of an horn. Since only a slight elcAmtion in urea AA'as obseiwed, it may 
Iac concluded that protein sAuithesis or amino acid storage took place. During 
the next horn injections of 200 mgra. per kgm. AA'ere gmen at six-minute interAmls 
(this data not included in the table). The ammo acid nitrogen level rose steadily 
to the high level (66 mgm. per cent) Avhich the first single tenfold dose produced. 
The eleA'ation in blood urea Avas again comparatiA’'el 3 ’’ slight. 

In the oligeynic phase of shock the tolerance cmn-e aaus fair in four and poor in 
one dog. Urea sjmthesis occurred in tAvo. In one animal the usual elevation 
m ammo acid nitrogen seen in shock did not occur before or after therapeutically 
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ineffective transfusion. In the two dogs receiving massive doses of amino acid 
the tolerance curve was fair, but preinjection levels were not reached even two 
hours later. Urea synthesis was small and out of proportion to what would be 
expected from the quantit 5 ’’ of amino acid cleared. This is interpreted as indica- 
tive of protein synthesis or amino’ acid storage, since urinarj'- excretion of urea 
or amino acid can be considered negligible under these conditions. 

Following transfusion good disappearance curves of blood amino nitrogen 
following administration of the amino acid mixture were obtained in two dogs, 
despite their irreversibility. The clearance was fair in two dogs. Urea sjmthesis 
was noted in three dogs. In one irreversible dog recei\dng a massive dose of 
amino acids, amino acid clearance was fair and slow, but urea accumulation was 
too small to accormt for the amino acid removed. 

CoiMMENT. The injection of an amino acid mixture, especially in large doses, 
before and diming shock may be followed bj"^ some imea synthesis, but not enough 
to account for the disappearance of injected amino acid nitrogen. It appears, 
therefore, that protein sjmthesis takes place in the normal dog and to some exdent 
in shock. 

In the normal animal the injection of amino acid mixtures in repeated fractional 
doses resulted in accumulation of blood amino nitrogen to levels as high as those 
reached by a full dose given in one injection. The fact that repeated doses of a 
certain size and given at certain intervals can result in progressive rise m the level 
of blood amino acid nitrogen in the normal dog suggests that a steady , increased 
production of amino acid by tissue breakdovm, if great enough (2CU30 
kgm/min.), could result in persistently elevated amino acid leve s wit ou 
postulating liver failure. 

SUMMARY OP RESULTS 

Seven naturally occurring amino acids (three as racemic mixtures) were in 
jected individually into dogs in the normal state during the oligenuc p ® 
hemorrhagic shock and following transfusion. In addition to alanine m g y 
cine, acidic, basic, sulfur-containing and aromatic amino acids were stu le , as 
w’’as also an amino acid mixture. The experiments ^ow that the norma anima 
does not clear the blood of the various amino acids with equa aci i j . n 
hemorrhagic shock the clearance of different amino acids vaiies exen 
general all the amino acids studied are removed from the blood mme e cien y 
following transfusion than during the oligemic phase of hemorr agic s oc 
Even when the transfusion is therapeutically ineffective, there is litt e or no im 
pairment of the ability to clear the blood of the injected amino aci s. 

Urea production was observed in all phases of shock as w ell as in t e noima 
state. The urea levels W'ere not as high in the normal state as in s ocv, pre 
sumably because of good renal function in the former. 

DISCUSSION 

Although the removal of accumulations of amino acid nitrogen consequent to 
administration of individual amino acids is to some degree slowed during t le 
oligemic phase of shock, presumably as a result of retarded deamination, t le ac 
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that it becomes normal or near normal promptly after transfusion indicates that 
irreparable damage to the deammation mechanism has not occurred. If deami- 
nation we in fact deficient because of injury to enzyme systems, the formation 
of urea should not occur or should be curtailed. The increases in blood urea 
which we observed are too great and too sudden to be explained on the basis of 
decreased renal fxmction. Decreased urea synthesis, reported by Engel (7) fol- 
lowing the injection of an amino acid mi.\ture in the oligemic phase of hemor- 
rhagic shock in nephrectomized rats, is not conclusive evidence of loss of the 
deaminating function since it may reflect a decrease in blood flow through the 
liver, a vital organ in deaminating activity. The evidence he cites (7) to support 
his conclusion that there is a true metabolic injury, not just a deficiency in blood 
flow, is derived from in vitro work. Unless the injury he postulates is reversible, 
his conclusion is contradicted by our observation of recovery of the normal rate 
of deamination after transfusion, as evidenced by the comparison with the rate 
of amino nitrogen clearance from the blood in the normal state. 

Even though the general trend of protein metabolism in shock is catabolic, 
protein s 3 mthesis may occur. For example, in one experiment in which an 
amino acid mixture was injected in shock, blood clearance was as good as in the 
normal state (fig. 9). Although the clearance was slower when ten times as much 
was injected than with the smaller doses, the amount of urea produced as esti- 
mated from blood levels above was too small to account for the amoimt of amino 
acid cleared. It is likely that protein synthesis occurred. The negligible rise in 
urea cannot be attributed to excretion via the kidneys, since no urine is formed at 
a blood pressure of 30 mm. Hg. 

If the poorer blood amino nitrogen clearance noted in the oligemic phase of 
shock is referable to dimmished blood floiv, especially in the liver, it is difficult 
to explain the persistence of a normal rate of clearance after the return of periph- 
eral vascular collapse in the posttransfusion phase. Perhaps even under such 
conditions the flow of blood tluough the liver is better than in the oligemic phase. 
Such flow might be sufficient to maintain the function of deamination, even while 
the process in the liver which is responsible for progressive vascular failure is not 
faimrably affected; thus death may occur before the return of a slower rate of 
deamination can be observed. The cross-circulation procedure which corrects a 
failing peripheral circulation after therapeutically ineffective transfusion requires 
a substantial interval to reverse the hepatic injurj^ involved (18). All liver 
functions need not be equally sensitive to the injurj'’ from anoxia or equally 
responsive to therapy. 

does blood amino nitrogen remain elevated after transfusion even though 
the injected amino acid may be cleared at a normal rate? Possible explanations 
are a) persistence of normal amino acids so far not studied, h) the formation of 


’ Altlioagb only one fifth of the possible amino acids involved were tested, we believe 
that the data are applicable to most of the amino acids, since the ones selected may be con- 
sidered representative of most.types. Three of these amino acids were racemic mixtures of 
the natural and unnatural forms. However, since both forms were deaminated, interpreta- 
tion of the results remains valid. 
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abnormal amino acids which possess the alpha amino carboxylic acid group and 
Avhich cannot be metabolized lint would be measured by the analytical methods 
employed, c) defective protein catabolism with the release of proteoses or peptides 
which are not removed by protein precipitation and which might be measured by 
the analytical methods employed and d) accumulation of a nitrogenous nonamino 
acid substance measured by the relativelj’’ nonspecific colorimetric method (11). 
In support of the last interpretation is the evidence (19, 20) that amino nitrogen 
accumulation in the blood during shock is less when measured by the ninhydrin 
gasometric method (21) than by the colorimetric method employed in this 
investigation (11). 

In some experiments the injection of ej’^steine, lysine or tyrosine seemed to 
suppress the usual progressive rise in total amino acid leA’’el in shock. However, 
in one experiment not reported above, injection of a mixture of Ij’^sine, cysteine, 
tyrosine and trj’ptophane in irreversible shock failed to lower an elevated amino 
acid nitrogen level while the injected amino acid nitrogen was cleared from the 
blood normall3L 

The acciunulation of blood amino nitrogen in shock may be related to dis- 
turbance in carbohydrate metabolism because, as has been pointed out in a previ- 
ous publication (1), the injection of pju-uvate in shock lowered the elevated blood 
amino nitrogen concentration in six of nine experiments (see fig. H). The result 
could not be due to transfer of amino nitrogen to pyruvate, but could result from 
conversion of amino acid nitrogen to ammonia b^' p3'ruvate. That this is a 
possible reaction is suggested by an interesting observation of Greenstein (22). 
He showed that digests of glutamine with liver extracts 3deld very little ammonia, 
but when pyruvate was added, considerable ammonia was produced. e as- 
cribed this to the condensation of glutamine with p3a-uvate to form the de 13' ro- 
peptide, gamma glutamyl amino aciylic acid, which, when split b3'’ e iy 10 
peptidase, gave glutamic acid, ammonia and p3TUvic acid. The P3uuvic aci 
served as a cosubstrate. 

Engel (23) reported that in the rat there is a correlation between the ® 
the plasma amino acid nitrogen and the severity of the shock state, and Kline ( ) 

observed that in the dog there is a correlation between the rate of rise in mteiia 
(plasma) amino acid nitrogen in late shock and survival. From IQine s ata 1 
appears that the amino acid nitrogen level merely reflects the progressive is 
turbance in blood flow as death approaches. He demonstrated that the ammo 
acid output from the limbs, which was considerable early in shock, diminis le 
as shock progressed. 

The sharp rise in the arterial plasma amino acid nitrogen in late shoe ' canno 
therefore be attributable to greater amino acid production in the peripheiy. 
is more likely due to decreased overall amino acid removal by the liver even t oug 
more efficient amino nitrogen removal per unit volume of hepatic blood floiv v as 
indicated b3'' an increased amino acid difference between portal and hepatic 
venous blood as shock progressed (24). A decrease in total liver blood flov vit 1 
concomitant decrease in total amino nitrogen removal b3’' the liver ryoifld thus 
explain rising amino nitrogen in arterial blood during shock despite a diminishing 
suppl3>- from the tissues and efficient amino acid clearance by the liver. This 
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concept is further supported by direct observations showing a marked decrease 
in liver blood flow in the oligemic phase of shock (25). 

Hence the correlation between blood amino acid nitrogen concentration and 
death or survival in the oligemic phase of shock does not establish a causal re- 
lationship between disordered amino acid metabolism and death or survival from 
shock. We observed no correlation betAveen the capacity to clear amino acid 
from the blood and the therapeutic effect of transfusion. 

The fact that amino acid nitrogen remains elevated for some time after effective 
therapeutic transfusion as aa'cII as in dogs cured by viviperfusion after unsuccess- 
ful therapeutic transfusion (18) supports the vieAV that the amino acid level and 
the mechanism involved in its regulation are not of fimdamental importance in 
the dcA^elopment of irreversibility or in the course of the posttransfusion phase. 

CONCLUSIONS 

1. Blood disappearance curves for many injected amino acids, singly or in a 
mixture, AA'ere obtained in dogs in the normal state, in hemorrhagic shock and 
folloAAung transfusion. The amino acids studied individually AA^ere glycine, ala- 
nine, cysteine, lysine, tyrosine, tryptophane and aspartic acid. Normally the 
injected amino acids AA^ere cleared from the blood Avithin one hour in nearly all 
instances. In hemorrhagic shock some, although not all, dogs shoAved poor 
clearance of certain amino acids. FoIloAAung transfusion clearance AA'as nearly 
normal in most cases even when circulatory collapse reappeared. There AA’-as no 
correlation betAA^een amino acid clearance or blood amino nitrogen concentration 
and reversibility to transfusion. 

2. Rises in blood urea following amino acid injection Avere observed in some 
normal dogs and in some shocked animals. 

3. The spontaneous rise in total amino acid nitrogen usually seen as shock 
progressed seemed less in dogs AAdiich had receiA'-ed cysteine, lysine or tyrosine. 

4. Even aaRch blood amino nitrogen clearance AA’as good in any phase of shock, 
the increase in total blood amino acid concentration persisted. 

5. The injection of large doses of an amino acid mixture resulted in consider- 
able clearance of the blood of the injected amino acids AAdthout an equivalent rise 
in blood urea nitrogen. This AA^ould suggest protein synthesis even in dogs in 
shock. 

6. EAudence is presented to shoAv that sIoAA-er clearance of injected amino acids 
during the oligemic phase of shock is due to deficient blood floAv and not neces- 
sarih" to damage to deaminase systems. The abilit 3 ’- to clear the blood of injected 
amino acid AA-as not found to bear a significant relationship to the effectiveness of 
transfusion or to death or survNal. 

AcknoAvledgment for technical assistance is due Miss Gertrude Weinberger, Mrs. Ruth 
Grinin, Miss Dorothy Kaufman and Mr. Thomas W. Barnett. 
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The effect of a sudden reduction in systemic blood pressure upon coronary 
blood flow and the functional capacity of the heart is a question of considerable 
practical importance. Coronary blood flow and arterial blood pressure have 
frequently been shown to be closely related; our owm studies have confirmed this 
(1). Also a diminution of cardiac output usually accompanies a hypotension 
(2-6). We are not aware, however, of studies that have attempted to correlate 
the changes caused by hypotension in coronary blood flow and cardiac work, 
nor has the effect of such changes upon the cardiac capacity to do work been in- 
vestigated. 

A series of studies of the coronary circulation and the oxygen consumption 
of the dog’s heart made during the past two years (1, 7, 8) has led recently to 
the developm,ent of a method for the measurement of these functions in animals 
subjected to no abnormality other than light anesthesia (9). By the use of this 
method, changes in coronary blood flow and cardiac oxygen metabolism can be 
studied under conditions approaching normal. Observations made during hypo- 
tension under such circumstances should reveal changes approximating those 
that occur in man. The present investigation was undertaken, therefore, to 
determine the circulatory and oxygen metabolic adjustments of the heart during 
hypotension. 


METHODS 

The methods employed in this investigation were the same as reported pre- 
viously (9). Dogs, weighing 15 to 30 kgm., were anesthetized with pentobarbital 
sodium intravenously, 30 mgm. per kgm. with 30 mgm. supplements if needed. 
Anesthesia was maintained in a fight plane. Blood samples were collected from 
o) the coronary sinus through a radio-opaque catheter ( ^ 8F or i^^OF) introduced 
into the right external jugular vein through a small incision and guided into the 
coronary sinus under the fluoroscope; 5) the pulmonar 3 '' conus by means of a 
smaller catheter ( ^ 6F) similarly introduced; and c) a femoral artery by means 
of an 18-gauge needle inserted into the artery. Each of these was connected to 

* The expenses for this investigation have been defrayed by a grant from the Life In- 
surance ISIedical Research Fund to the Department of Pharmacology of the University of 
Pennsylvania. 

-Present address: School of Medicine, University of California. 
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a manifold (10); the arterial system was connected in addition to a mercury 
manometer for the registration of blood pressure. 

Coronary blood flow was measured by the nitrous oxide method (10, 11) as 
applied to the coronarj’’ cireulation (9, 12). The inhaled mixture consisted of 
nitrous oxide 15 per cent, oxygen 21 per cent and nitrogen 64 per cent. The pe- 
riod of inhalation was 10 minutes. Cardiac oxygen consumption was calculated 
from the coronary arterio-venous oxygen difference and the measured coronary 
flow. The procedures employed in collecting, handling and analyzing the various 
blood samples have already been described in detail (9, 10, 11). 

Cardiac output was estimated by the direct Fick method. The oxygen con- 
sumption was calculated from the measurement of the volume of expired air 
and the analysis of its gas content by the microtechnic of Scholander (13). 
The expired air was collected by diverting it with flutter valves attached to an 
endotracheal tube (with an inflated balloon) into a calibrated Tissot spirometer. 
The period of collection was 5 to 10 minutes, depending upon the tidal exchange. 

Peripheral resistance was calculated according to Poisseuilles Law bj'' the 
standard formula (14) : 

TPR = mean aortic pressure (mm. Hg) X 1332 ^ Units 

cardiac output in cc. per sec. 

Cardiac work was calculated by the formula IF = PQ where P is the mean 
aortic pressure and Q is the cardiac output. The result is expressed as kgm.M/rain. 
The kinetic energy factor has not been considered (15). 

Cardiac efficiency was taken to be the ratio between mechanica v oi v an 
oxygen consumed, both in heat equivalents. It was calculated as m out eai ler 
experiments (7). 

Hypotension was produced bj’’ the intravenous injection of tetiae y ammo 
nium chloride in two experiments and by the subdural injection o piocmne ly 
drochloride in six instances. The procaine was injected thioug a gauge 
needle introduced into the subarachnoid space at the second oi thu um ai m 
terspace. The drug was dissolved in 2 cc. of sterile saline. 

results 

The observations made during the control period in 11 dogs are summaiized 
in table 1. In four experiments (14, 16, 21, and 22) the anima s a 
anemia and cannot be regarded as normal; it is noteworthy that in t lee o ese 
coronary blood flow was unusually rapid. Cardiac work tended to ® ® ^ ® 

in all cases, chiefly because the cardiac output was high (average . /sq. 
meter/min.). The values for cardiac efficiency were higher than those geneia y 
appearing in the literature, but this is not remarkable in view of the guies or 
cardiac output. , 

The effects of hypotension are summarized in table 2. The amounts o le 
drugs used to produce the hj^potension ai’e also indicated. In the expeiimen s m 
which subdural procaine was used, there was flaccid paral 5 ’’sis of the nn im s 
from which recovery was complete in all but one instance (expt. 14). Autopsy 
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revealed that the spinal cord of this dog had been injured by the needle, a prob- 
able factor in the very Ioav blood pressure which made impossible the collection 
of a second set of blood samples. There was no way of knowing the level of 
spinal anesthesia in the other five dogs. 

Among the various findings presented in table 2, the following deserve com- 
ment. The effect of hypotension on coronary blood flow was uniformly in the 
direction of a decrease, but in some cases (expts. 16, 18, and 19) the alteration was 
too small to be significant despite the fact that mean blood pressure and cardiac 
output had diminished considerably. In three other experiments (8, 21, and 22) 
in which the changes in coronary flow were large, the decreases in blood pressure 
and cardiac output were correspondingly great. 


TABLE 1 


EXPT. 

WGT. 

KGiT. 

COR. 

FLOW 

CC/100 

g/min. 

O ’ CON- 
SUMP. 
cc/100 
g/min. 

OXYGEN VOI..% 

MABP 

iiM. Hg 

CARD. 

RATE 

c . o . 

cc/min. 

CARD 

INDEX 

LF. VENT. 

WORK 

KGil/iIJS. 

EFF. % 

Art. 

R.Vent.; 

Sinus 



6 

22.9 

79 

10.6 

17.1 

14.8 

3.7 

125 

168 

5450 

6.05 

9.5 

32.0 

8 

21.5 

63 

8.4 

15.4 

11.2 

2.2 

140 

132 

2960 

3.42 

5.75 

33.7 

9 

24.8 

45 

5.6 

18.3 

15.7 

5.9 

120 

170 

2040 

2.14 

3.40 

37.0 

10 

25.2 

107 

14.4 

16.9 

13.5 

3.4 

176 

180 

4900 

5.10 

11.95 

36.9 

12 

30.2 

98 

13.0 

16.5 

12.4 

3.3 

132 

124 

3860 

3.55 

7.06 

19.4 

14 

20.9 

85 

7.4 

10.4 

6.9 

1.7 

136 

144 

3740 

4.40 

7.10 

56.1 

16 

15.0 

105 

10.7 

11.9 

9.0 

1.7 

95 

136 

2660 

3.9 

3.50 

19.7 

19 

15.7 

72 

10.0 

17.2 

13.7 

3.3 

121 

216 

2830 

3.94 

4.76 

37.7 

20 

17.2 

56 

6.8 

15.8 

11.2 

3.7 

118 

150 

3170 

4.25 

5.10 

54.0 

21 

16.1 

139 

11.1 

10.2 

7.0 

2.2 

120 

180 

3000 

4.22 

5.0 

27.7 

22 

19.1 

136 

13.7 

11.4 

7.7 

1.3 

120 

150 

4570 

5.71 

7.6 

34.6 


Cor. flow = coronary blood flow in cc/100 g. If. ventricle/minute. Oj consump. = oxy- 
gen consumption in cc/100 g. If. ventricle/minute. Art. = arterial. R. vent. = right 
ventricle. Sinus = coronary sinus. M.4.BP = mean arterial blood pressure. Card, rate 
= cardiac rate. C. O. = cardiac output in cc/minute. Card, index = cardiac output in 
liters/sq. meter of body surface area/minute. Lf. vent, work = left ventricular work 
in kgm.M/minute. Eff. % = cardiac efficiency. 


Left ventricular oxj’-gen consumption varied directly with coronary flow. 
This was to be expected since the oxygen content of coronary venous blood was 
already so low in the control period that a significant decrease in the volume of 
blood flow could not be effectively compensated for by a further tvidening of the 
arteriovenous oxygen difference (16). In the experiment in which coronary 
blood flow decreased least ( 19), such compensation proved adequate and the 
oxygen consumption was not reduced. 

Cardiac efficiency was decreased during the hypotension in every case. The 
correlations of cardiac efficiency with the factors entering into its derivation 
were: with cardiac output, r = 0.65, p > 0.001; with cardiac work, r = 0.61, 
P > 0.001; uith mean blood pressure, r = 0.52, p > 0.01. Cardiac output 
ana mean blood pressure showed a poor correlation, r = 0.39, p > 0 05 
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Hypotension ^yas not associated with a constant directional change in peri- 
pheral resistance. In five experiments (5, 8, 14, 18, and 21) the resistance de- 
creased while in the three others it increased. 


TABLE 2 





COR. 

Os CON- 

OXYGEN VOL. % 

MADP 

ilM, 


c.o. 

cc/ 

MIN'. 


PE- 

LP. 

1 

EXPT. 

WGT. 

TIME 

FLOW 

cc/100 

G/MIN. 

SUMP. 

cc/100 

g/min. 




CARD. 

CARD 

RIPE 

^TNT. 

WORK 

EFT. 

% 


kOm* 


Art. 

R. 

Vent. 

Sinus 

Hg 

RATE 


RE- 

SIST. 

kcm/ 

MIN. 

5 

20.0 

12:35 

60 

8.0 

18.1 

11.8 

4.8 

108 

155 

1460 

1.77 

5900 

2.20 

13.7 



1:35 

Procaine 40 mgm subdural 










1:45 

53 

7.74' 17.1 

12.1 

2.5 

85 

140 

1490 

1.81 

4550 

1.76 

11.4 

8 

21.5 

10:15 

63 

8.40 

15.4 

11.2 

2.2 

140 

132 

2960 

3.42 

3780 

5.75 

33.7 



10:45 

Procaine 20 mgm subdural 










11:00 

34 

3.60 12.2 

1 

7.1 

1.7 

73 

130 

1690 

1.95 

3440 

1.71 

22.9 

14 

20.9 

11:05 

85 

7.40: 10.4 

6.9 

1.7 

136 

144 

3740 

4.40 

2910 

7.10 

56.1 



11:45 

Procaine 40 mgm subdural 










11:55 



10.5 

5.0 

1.2 

46 

150 

1780 

2.09 

2060 

1.1 


16 

15.0 

10:50 

105 

10.7 

11.9 

9.0 

1.7 

95 

136 

2660 

3.90 

2850 j 

3.5 

19.7 



11:30 

Procaine 20 mgm subdural 






1.54 

! 

10.1 



11:50 

98 

9.4 

10.7 

5.6 

1.3 

72 

182 

1540 

2.26 

3750 

18 

18.2 

11:10 

72 

11.3 

17.9 

11.6 

2.1 

88 

168 

1770 

2.29 

5060 

2.16 

10.7 



12:05 

12:10 

Et£ 

67 

imon 4 
10.1 

0 mgm 
17.0 

intra 

9.0 

venou 

1.8 

sly 

,71 

174 

1210 

L.52 

5980 

1.20 

7.15 

19 

15.7 

10:50 

72 

10.0 

17.2 

13.7 

3.3 

121 

216 

2830 

5.94 

5350 

4.76 

57.7 



11:45 

Procaine 30 mtrm subdural 




L.91 

5540 

1.81 

L3.8. 



11:55 

69 

10.2 

16.6 

11.0 

1.8 

95 

168 

L370 

21 

16.1 

10:50 

139 

11.1 

10.2 

7.0 

2.2 

120 

180 

3000 

1.22 

5200 

5.0 

27.7 



11:30 

Procaine 30 mem subdural 





5040 

1.80 

22.7 



11:45 

56 

4.83 

9.7 

5.3 

1.1 

70 

115 

1840 

2.59 

22 

19.1 

10:15 

136 

13.67 

11.4 

7.7 

1.3 

120 

150 

1570 

5.70 

5110 

7.60 

54.6 



11:00 

Etamon 76 mem 

intravenously 




3290 

3.83 

19.8 



11:05 

85 

8.24 

10.8 

6.2 1 

1.1 

89 

120 

5100 

5.88 5 


See table 1 for explanation. 


To aid in evaluating these findings it was necessary to know the e ec s o 
the withdrawal of the amount of blood required for the analyses (for eac i ni rous 
oxide determination 65 cc., for each cardiac output determination 
This was done satisfactorily in twm experiments which are summarized in ta e . 
While mean arterial blood pressure did not fall appreciably in either experimen , 
cardiac output declined in both, though more rapidly in one than in the otier. 
Coronary flow changed slightly betw’^een the first and second determinations ut 
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it diminished considerably by the time of the third. Cardiac oxygen consump- 
tion folloNved the same course as coronary blood flow. Cardiac efliciency in 
these experiments, however, did not follow either the cardiac work or the cardiac 
output but tended to remain constant between the second and third periods; 
in experiment 12 it actually did not change significantly at any time. 

The effect on cardiac output and cardiac efficiency of the experimental pro- 
cedure per se, irrespective of the hj^potensive measures, must be kept in mind as 
one interprets the results. These control observations may indicate that the 
hypotensive alterations were exaggerated. 


TABLE 3 


EXPT. 

WGX. 

TIME 



OXYGEN VOL. % 

ISABP 

MM. 

Hg 

CARD. 

RATE 

c.o. 

cc/ 

MIN. 

CARD. 

INDEX 

PE- 

RIPH. 

RE- 

SIST. 

LF. 

VENT, 

WORK 

KGM/ 

MIN. 

EFF. 

% 

XtiAi. 


Art. 

R. 

Vent. 

Sinus 

10 

25.2 

11:00 

107 

14.40 

16.9 

13.5 

3.40 

176 



5.1 


12.0 

36.9 



11:50 

112 

15.30 

16.8 

12.1 


172 



3.3 


7.5 

24.9 



12:35 

78 

10.10 

15.7 

9.3 

2.83 

165 


^9 

2.4 


5.3 

26.0 

12 

30.2 

11:00 

98 

13.00 

le^s 

12.4 

3.26 

132 

124 

3860 

3.6 


7.1 

19.4 



11:50 

80 

12.40 

18.8 

14.5 

3.31 

135 

182 

HI 

3.1 

■ 

6.3 

17.7 



12:30 

69 

10.60 

18.7 

12.8 


124 


9 

2.9 


5.4 

18.3 


See table 1 for explanation. 


DISCUSSION 

Before one can discuss the effect of h 5 T)otension on coronary blood flow and 
oxygen metabolism, it is necessary to stress again that the values for cardiac 
output, work and efficiency were unusually high in these experiments. The 
latter two factors depend directly on the first factor and this was indeed high 
when compared with the values reported by some other investigators (see 
Wiggers, 14). However, we have made every attempt to make the results re- 
liable. The fact that the mi.xed A'enous blood was obtained from the pulmonary 
conus and that the catheter was not moved between determinations should ob- 
viate most of the usual sources of error (17). Careful checks of the system for 
measuring and analyzing the expired air have revealed no flaws. We therefore 
believe our results to be reliable. 

^ The most probable reason for the cardiac output being high is the pentobar- 
bital anesthesia, which is knomi to have the following effects on the cardiovas- 
cular system: a) tachycardia due to depression of vagal influences on the heart 
(IS, 19) , 6) peripheral vasodilatation (20, 21) ; and c) a rise in mean arterial blood 
pressure due to an elevated diastolic pressure (20). If general vasodilatation 
5s accompanied by a raised mean arterial blood pressure, cardiac output must be 
increased. An increased cardiac output and mean blood pressure imply an in- 
creased cardiac work. Bazett (22) considers the cardiovascular changes asso- 
ciated mth pentobarbital anesthesia similar to those occurring in an anihial en- 
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gaged in mild muscular exercise. The relatively high values for cardiac output, 
work and efficiency reported herein when %dewed in this light are therefore not 
remarkable. 

With regard to the original purposes of these experiments, one of which was to 
afford an insight into the effects of lij’^potension upon the functional capacit}" of 
the heart, we have been impeded by the limitations of the critez’ia available for 
estimating this factor quantitativeljL Coronaiy blood flow was decreased during 
hypotension in eveiy case, the average being 25 per cent. At the same time, 
cardiac efficiency declined just as consistent!}’-, the average being 36 per cent. 
However, it would be wrong to conclude from this that the decrease in coronary 
flow was responsible for a deterioration in the functional capacitj’- of the heart. 
This is evident from the fact that cardiac work was reduced an average of 56 
per cent because mean blood pressure diminished 29 per cent and cardiac output 
42 per cent. The oxygen requirements, in terms of work to be done, therefore 
were reduced to a much greater degree than the oxj’-gen supply (determined bj’" 
the coronary flow). We have already demonstrated (7) that the oxygen require- 
ment of the heart is one of the principal determinants of coronary flow. Since 
in the hypotensive experiments, mean coronar}’- flow decreased onl}’- 25 percent 
while left ventricular work was reduced 56 per cent, it follows that the coronary 
flow became more abundant relative to the cardiac needs. The concomitant 
decrease in efficiency is misleading because it was associated with a relatively 
excessive coronary flow. However, no other single ci’iterion appears to be better 
able to indicate the change in the cardiac capacity for work. 

The term ‘cardiac efficiency’ is widely employed as a sjmonym foi t e a 1 1 y 
of the heart to perform its functions. A brief consideration of the oimu a use 
in calculating cardiac efficiency shows that it is not this at all (23). ci^cy 
here is used in its true mechanical sense referring to the work done by t le 
divided by the energy put into it. In the heart, howevei, oxygen me 
changes occur which are not associated vith the performance of v or ese 

changes are as a result of two factors which are as follows. ^ ^ 

(o) "Restimf or ‘maintenance’ energy utilization. Any living cel requues a 
certain amount of free energy simply to maintain its living status, regai ess o 
the nature or degree of its activity. In the case of nerve cells, vhicli o no v oi ' 
(measurable in ph 3 ’'sical or chemical units), there is at present no means oi sep 
arating this category of energy utilization (oxj’-gen consumption) lom a 
involved in the performance of a speci'ac function, although the fact t at ceie la 
oxygen consumption runs parallel with cerebral functional activitj’’ m anima s 

(24) and in man (11) indicates that some siich separation exists. Int e eai e 

situation is somewhat clearer but again there is no separation of tie Hio ca e 
gories of energy utilization. The significance of this ma}’’ be gaine rom 
1 which summarizes our findings for left ventricular ox 3 ’-gen consumption an 
left ventricular work in 162 observations representing 49 expeiiments^ 3 
the bubble flowmeter or coronary sinus catheterization technics. It is no a e 
that in no instance did left ventricular oxygen consumption decrease be ov . > 
cc/lOOG/minute even though left ventricular work fell to the negligible guie 
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of 0.16 kgm.M/minute. This value for oxygen consumption cannot be called 
‘resting’ because the average heart rate was about 140/minute Hoivever, it 
suggests that a considerable amount of oxygen must be used by the heai so e y 
for ‘maintenance’, regardless of work done. Variations in cardiac efficiency can 
therefore be in part dependent upon the proportion of this maintenance oxygen 
value to the total oxygen cossumption (23). If all cardiac Avork is stopped (e.g., 
by A^agal stimulation) only the maintenance oxygen consumption aauU take place. 
Under these conditions, the cardiac efficiency Avould be nil although the capacity 
of the heart for Avork might be great. 



Fig. 1. Okdinate: o.v 3 'gen consumption in cc/100 grams of left ventrical/minute. Abs- 
cissa: left ventricular work in kgm.M/minute. , 


(b) Energy iitilization in the isometric -phase of ventricular systole. The energy 
expended in A^entricular contraction up to the point at Aiffiich intraventricular 
pressure equals aortic pressure (isometric contraction) does no mechanical Avork 
because no blood is moA^ed. The fraction of the cardiac oxj^gen consumption 
dedicated to this part of the cycle should thus A’-arj’- in the same direction as the 
aortic pressure. If cardiac Avork is increased primarily by increasing the blood 
pressure, a relativeb'' excessive amount of oxygen is needed to do the Avork and 
cardiac efficiencj’- decreases. That this actuallj'- happens has been demonstrated 
repeatedly (25, 26, 27, 7). Converse^, if cardiac AA'ork is raised primarilj’- by 
increasing the cardiac output, the o.xj’-gen requirement is less for the same amount 
of Avork done and the efficiency is improved (25, 26, 27, 7). If aortic pressure 
AA-ere raised so high that intraA^entricuIar pressure could not be brought to the 
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same level, no work would be accomplished but the heart would undoubtedly use 
more oxygen than it would at rest. It is reasonable to assume that the greater 
the aortic pressure that has to be overcome during the period of isometric contrac- 
tion, the greater the oxygen metabolism during that period. However, to our 
knowledge no mathematical method of expression of such relationships has been 
reported. 

Weitz (28) describes Starlings’ Law of the Heart (29) as being influenced by, 
or partly due to, the physical factors that of necessity accompany contraction 
of circularlj’- arranged fibers. Certainly the relation of the tension of a circular 
fiber surrounding a sphere to the pressure developed within this sphere is much 
affected by the radius. However, Weitz accepts the fact that the effect of ini- 
tial tension on muscular contraction is also involved. No analysis of these com- 
plex factors in relation to the work of the heart has been achieved yet to our 
knowledge. 

We believe the conclusion justified that the mechanical conception of efficiency 
fails to reveal important internal adjustments vuthin the heart muscle during 
changing conditions.^ It cannot furnish a valid criterion of the condition of 
the heart or its ability to meet the demands of the work made upon it, since it 
indicates only the amount of energy used (oxj’’gen consumed) in ejecting a given 
amount of blood against a given aortic pressure. Of much greater practical an 
theoretical importance is an understanding of the factors that determine t e 

oxygen requirements of the heart. • i +■ 

Viewed in this light, the effect of hypotension upon the coronary circu a ion 
and heart can be summarized as follows. The decline in bloo pressure was 
associated with a diminution in cardiac output so that total cai ^ 

greatly reduced. Coronary blood flow was decreased but not ® ® 
indicated by the low cardiac work. In these dogs wth presuma y nor 
coronary arteries, there was no indication that such a hypotension was ar 
to the heart. We do not feel that the decline in cardiac efficiency u as 
tion that the heart was less able to accomplish the work deman e o i • 


SUMJIARY 

1. In the intact anesthetized dog with coronary blood flow measured 
nitrous oxide method, hypotension was produced by the subdura injec ion 
procaine hydrochloride or by the intravenous injection of Etamon. 

2. The fall in blood pressure was associated ivith a diminished cardiac outp 
in seven out of the eight experiments ivith a consequent mai 'e re uc ion 

cardiac work. . , , , . , 

3. Coronary blood flow decreased in all experiments but lemaine re a ive 

liigh in view of the marked decline in cardiac work. 


^ This would not invalidate statements we have made previously in , 

In the experiments there cited, nikethaimde 


thamide reducing cardiac efficiency (8). an '•nc c.v,... 

caused a lowering of the blood pressure, an increased cardiac ou pu poloulnted 

work, all factors that tend to increase cardiac efficiency. In spite o is, 
efficiency of the heart was decreased after nikethamide was adminis ere 
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-f. Cardiac efficiency was reduced in all experiments. There was no evidence 
that the decline in efficiency indicated that the heart was less able to accomplish 
the work demanded of it. 

5. Evidence is presented that cardiac efficiency is not a valid criterion for 
indicating the cardiac capacity for ivork under changing conditions. 

The authors wish to express their appreciation to Doctors Carl F. Schmidt, Henry C. 
Bazett and Eobert D. Dripps for their interest and suggestions during this investigation. 
They also wish to acknowledge the technical assistance of Mrs. Clara Belle Rhode and Miss 
Hannah T. Broomell. 
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Studies of arterial pressure pulse waves in patients with 

aorta recorded by means of Hamilton is 

upper and lower extremities have clearly indicated that ^ ^ . 

about the same above and below the coarctation, the ° ^ 

above the coarctation and that the femoral pulse lags ^ 

the radial pulse (1,2). There is no published record of an J 

tracing from a collateral artery which connects the arterial t ^ 

coarctation directly with that below. Such 

Hamilton manometer in a middle-aged vdiite male ® on the 

the aorta.i In addition, arterial It ^vill be noted that the 

left side in the mdial and femoral ^Heri^ ( ^ jn the left col- 

arterial pressure in the radial artery is 215 ^ /fp^oral artery I'SO/IOO mm. 
lateral subscapular artery ^l^/lOO g. ^^tery, 110 mm. 

Hg. The mean artena pressure is ^m. ^g ^^ery 

Hg in the radial and collateral arteiies and P 

lags 0.1 second behind that in the the remarkable similarity 

Of greater subscapular collateral artery m 

between pulse waves from the i adial arterj arterial tree distal to the 

spiteof eatirelydiffevent anatomical it 

points from which pressure ivas recorded. P aistribution. Enlarged, 

shoiTO that the radial arteries were of normal ongi enlarged fifth 

tortous subscapular arteries whose m “^urS M cm and 0.4 cm., 
and sixth intercostal arteries, the lumma of ^ coarctation . The 

respectively. These latter vessels entered the aorta belo^^^^^^^^^ 

main collateral arteries whose lumina Ihe coarctation. The 

enlarged third and fourth intercostal aitei^ t ^ ligamentum arteriosum was 
lumen of the aorta was constricted to 0.5 cm. b 

non-patent. ^-o^rpui are considered to be 

Since variations in the form of pressure pu ^ lesser degree 

influenced partly by waves reflected from distal a 

by standing arterial waves (3, 4), t^ie similaii 3 ^^ery is 

collateral arteries is hard to understand. 4 be ^ I hut 

of a form generally considered to be more representatn e of the P 


> These studies were carried out in 1940. 
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Avhy this is so is not clear. It suggests that local physical conditions in the 
segments of the arteries from Avhich pressure is recorded are important m 
determining the contour of the ivaves and that in this instance they were the 

same. 
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Fig. 1. Simultaneous records of pressure in the left femoral (upper curve) and left 
radial arteries (middle curve) taken with Hamilton intra arterial manometers. Lower 
curve, pressure in left subscapular arterj' recorded a few minutes later. 

CASE REPORT 

During childhood the patient had occasional convulsive seizures but was other- 
wise well until the age of 36 (1923) when convulsions began to recur almost 
weekly, during one of ivhich he developed right hemiplegia and motor aphasia. 
He was placed in a hospital at the age of 39 (1926) and remained there until his 
death. On admission to the hospital in 1926, he was noted to have right spastic 
hemiplegia, Homer’s syndrome on the right side, motor aphasia and an arterial 
pressure of 155/100 in the left upper extremity. Encephalographic studies 
exhibited atrophy of the left side of the brain and external communicating lij'^dro- 
cephalus. The diagnosis on transfer to Goldwater Memorial Hospital in 1939 
was epilepsj’', right hemiplegia, and right Horner’s sjmdrome. 

It was shortly recognized, b)'’ the presence of extensive collateral arteries over 
the chest and neck and feeble, delayed femoral arterial pulsations compared to 
pulsations in the radial artery, that the patient was suffering primarily from 
coarctation of the aorta. The diagnosis ivas confirmed bj'' angiocardiographic 
studies- which demonstrated a constriction in the aorta at the level of the sixth 
thoracic vertebra. Roentgenograms of the chest exliibited scalloping of rib 
maigins and enlargement of the heart to the left. Until his death in. this hospital, 
the patient experienced frequent bouts of unexplained fever, convulsive seizures, 

= Those were performed by Dr. Henry K. Taylor, Chief, X-ray Department, Goldwater 
alemonal Hospital. 
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short periods of incarceration of a left inguinal hernia, h^’^pochromic anemia 
which responded to iron therapy and suppurative, pneumonia in 1945. 

The systolic level of arterial pressure in the upper extremities was generally 
180 to 150 mm. Hg and the diastolic 100 to 80 mm. Hg until 1946 when the 
systolic rose to 190 to 170 mm. Hg and the diastolic fell to 60 to 30 mm. Hg. 
An aortic diastolic murmur was heard consistently for the first time in 1944. 
Urea clearance and phenolsulphonephthalein excretion tests of urine function 
last studied in 1945 were normal. Several cultures of the urine and blood were 
sterile. In June 1946, he developed heart failure and required digitalis. On 
February 13, 1947 tonic and clonic con\mlsive seizures occurred on the left side 
for the first time and he became unconscious and died. He was 60 years old at 
death. 

Post-mortem examination showed, in addition to coarctation of the aorta and 
extensive collateral arteries, a congenital aneurysm and compression stenosis 
of the left middle cerebral artery, extensive encephalomalacia, particularly of 
the left side of the brain, fusiform aneurysms of the common iliac arteries and a 
sacular aneurysm (3 cm. diameter) of the' abdominal aorta just proximal to its 
bifurcation. 
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For some time we have been interested in the production of hypertension in the 
chicken in order to study the interrelationship between high blood pressure and 
atherosclerosis. In our preliminary studies on the chicken we attempted to 
produce hypertension by the Goldblatt principle by ligation or partial con- 
striction of the main renal arteries (1). In some of these animals after partial 
constriction of the renal arteries on one side, the ureter of the opposite kidney was 
ligated in order to increase the ratio of ischemic to normal kidney tissue (2). 
Unilateral and bilateral obstruction of the ureters was also tried. However, none 
of these measures consistently increased the blood pressure for any significant 
period. Even Avhen both ureters were occluded and acute bilateral hydro- 
nephrosis Avas produced, a condition which consistently causes a rise in pressure 
in mammals (3), no increase in pressure was seen in the chickens and the animals 
died in 12 to 15 hours m acute h3T5eruricemia (4). 

Seyle (5) obserA’’ed that cardiovascular and renal changes could be produced in 
chickens by adding NaCl to the drinking Avater of the animals. The initial 
changes observed AAnre generalized anasarca, cardiac dilatation and renal alter- 
ations resembling subacute glomerulonephritis. Later, dehydration, cardiac 
hypertrophy and glomerular sclerosis Avere the outstanding features of this salt 
intoxication syndrome. These changes suggested the possibility that the ani- 
mals had developed hypertension, but blood pressures were not reported. The 
possibility that hypertension had been produced seemed worthy of further in- 
vestigation. After the present studies were begun, I&akower and Heino (6) 
published data on the blood pressure of chickens on a salt diet which also sug- 
gested that a rise in blood pressure occurred. Our results Avith methods differing 
from those of Krakower, but somewhat similar to those of Selye, are presented 
in this report. 


METHODS 

Eight white leghorn chicks, six weeks old, Avere placed on a starting diet of 
mash and tap water for 16 days. Durmg this period three control blood pressures 
on each chicken were measured AAdth the Hamilton manometer by means of a 
small needle inserted into the sciatic artery. The drinking water was then re- 
placed by a 0.9 per cent NaCl solution and the chickens permitted to drink this 
salt solution ad libitum. Blood pressures were taken everj'- five to eight days. 

the rise in pressure was seen to be moderate, the NaCl con- 

! by the Sam Ehrlich Memorial Club Fund for Cardiovascular Research.' 

- The Department is supported in part by the Michael Reese Research Foundation. 
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centration was increased to 1 .2 per cent. Tlie salt solution was replaced 26 days 
later by tap water for 13 days. A second period of salt administration (1.2 per 
cent) was then instituted for 22 days, during which period blood volume, body 
weight and hematocrit values were determined in addition to the blood pressures. 
After a final period of 10 da^’^s on tap water the chickens were killed. 

RESULTS 

The S5’’stolic and diastolic blood pressures recorded during the experiment in the 
eight birds are given in table 1, and the average for the entire group is showTi in 


TABLE 1. Effect of sai.t ingf.stion on the blood pressure of the chicken 


DAY 

FLUIDS GIVCN 

CltlCKEK MTi 

so 

SI 

S2 

0 

tap water 

122/112 

120/105 

140/125 

6 

(( 

130/119 

125/115 

150/140 

12 

(( it 

122/112 

120/110 

140/133 

18 

salt 0.9% 




22 

n n 

165/155 

125/115 

145/133 

29 

U i( 

158/138 

135/125 

173/163 

34 

<i « 



180/165 

42 

u u 

168/150 

143/127 

175/155 

50 

n n 

168/150 

150/130 

175/160 

51 

“ 1.2% 




56 

u 

143/128 

170/127 

175/153 

62 

U 

183/158 

158/134 

190/160 

69 

ti a 

178/163 

168/138 

195/167 

76 

H it 

195/170 

190/150 

190/160 

77 

tap water 




83 

U (( 

133/120 

135/123 

135/120 

89 

u << 

137/120 

128/115 

167/147 

90 

salt 1.2% 




99 

(( 

160/145 

148/123 

170/155 

109 

it it 

165/150 

165/150 

190/170 

112 

tap water 




121 

it It 

136/120 

155/145 

177/163 


5.1 

S4 

55 

56 

57 

130/120 

133/116 

142/120 

140/12J 

125/115 

145/135 

143/127 

142/128 

150/13E 

162/145 

140/130 

134/129 

135/125 

133/123 

140/130 

143/133 

130/120 

125/115 

125/115 

136/125 

155/135 

162/142 

165/145 

160/145 

150/135 

145/125 

140/133 


155/136 

155/137 

130/115 

155/135 


152/138 

145/128 

155/145 

145/135 


150/140 

162/148 

173/148 

135/120 


165/148 

162/148 

180/150 



155/138 

162/145 

165/145 



145/130 

185/163 

158^38 



165/145 

205/160 




140/125 

155/140 




133/118 

165/145 




175/157 

168/148 




175/153 

180/160 




180/155 

160/138 


figure 1 . The control blood pressure at the beginning of the e.xperiment averaged 
132/117 mm. Hg. The values in the several birds did not vary significantly iroin 
this value, which is in the range obtained in our laboratory on a large niun er o 
controls (7). The high level of the normal diastolic pressure in te c ic 'en 
appears to be related to its high normal body temperature of 42 C. ( )• 

At the onset of the 0.9 per cent salt administration the blood procure k 
rise significantly, but at the end of 17 days it had risen 22/17 mm. g. • on 
remained unchanged until the salt concentration was increased to . per (^n 
This produced a further increase of 25/9 mm. with the average pressure reac mg 
183/154 mm. Hg. The total rise over the control values was 51/37 mm. ^ g. 
When the salt was discontinued a prompt fall in pressure occurred, averaging 
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43/28 mm. Hg and bringing the pressure nearly to the control levels. With the 
readministration of salt (1.2 per cent) in the drinking water, a rise in pressure was 
again observed, with a fall after the animals were again returned to ordinary tap 
water. The weight of five birds during the second period of salt intake showed 
an average decrease of 330 grams, a 20 per cent reduction over a period of 15 day s. 
Within nine days after the salt intake ivas ended there was an average gain in 
weight of 40 grams. 



> I I I I < » I I I I I 1 L 

0 20 40 60 80 100 120 

DAYS 

Fig. 1. Effect of increased salt ingestion on the average blood pressures of eight 
chickens. S and D systolic and diastolic blood pressure, respectively. The various periods 
are indicated by markings between systolic and diastolic pressure lines; periods of tap water 
ingestion are indicated by blank spaces; 0.9 per cent saline, by vertical-lined period; 1.2 
per cent saline, by cross-hatched periods. Ordinates indicate mm. Hg.; abscissae, time in 
days. 

The average hematocrit in these five birds, determined at the same time, 
showed only a slight increase, from 36 to 39 per cent, during the period of salt 
administration. Blood volumes measured during the salt intake period in four 
of these birds showed no consistent deviation from the normal. 

The amount of salt solution consumed daily averaged approximately 700 cc. 
per chicken for the 0.9 per cent salt solution and one liter for the 1.2 per cent con- 
centration. Diarrhea was profuse throughout the period of salt administration. 
At times the feces were streaked with blood. Obvious anasarca was not observed 
at any time. No dyspnea was noted. The comb, however, became veiy pale- 
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soon after the salt administration Avas discontinued. A certain lethargy was also 
noted while salt was being given. 

One bird Avas found dead on the 16th day of the first salt intake period. It 
shoAA^ed no evidence of edema or gross abnormalities except for a small pericardial 
effusion and slight pulmonary edema. A second bird died 10 days after the salt 
concentration had been increased to 1.2 per cent. It Avas distinctly dehydrated; 
moderate pulmonary edema and a pericarditis AA'ith a large effusion and thin peri- 
cardial adhesions AA'ere present; all organs Avere markedly hj^eremic. A third 
bird AAns killed for comparison at the end of the first salt intake period. It was 
dehydrated, had no pericardial effusion and shoAAnd no other gross changes. 

Gross autopsy findings in the five birds sur\dving the fom’-month period AA’ere 
not remarkable. Taa'o birds had slight pulmonary edema. None had any 
marked effusions. The pericardium appeared normal in all. One bird had small 
subepicardial hemorrhages in the region of the left A’^entricle. No other micro- 
scopic changes AA-^ere found in the heart. Only one bird had a possible cardiac 
enlargement in comparison to the other birds. The ratio of AAnt heart Aveight to 
body AAnight ranged betAAnen 0.45 and 0.60 per cent. Tliis compares Avith control 
values ranging from 0.40 to 0.53 per cent (8). Both Selj’^e (5) and lirakoAA-er and 
Heino (6) found cardiac hypertroph)'’ to be a consistent finding in the salt intoxi- 
cation syndrome. KrakoAver’s figines are distinctlj’’ higher than ours for AA'hich 
differing experiment conditions may be responsible. HoAA'ever, he hesitated to 
attribute the consistent cardiac hypertrophy to a blood pressure elevation, be- 
cause the hypertrophy occurred regardless of the presence or absence o 

hypertension. „ , 

None of the birds had contracted kidneys. Histological changes aa ere con ne 
to the kidneys. Variations were apparently related to the time o ^ ’ 

the bird that died during the early part of the study shoAved no rena c anges o 
note. The Iddneys of the bird dying soon after the salt concentration la ^ ee 

increased to 1.2 per cent shoAAnd a moderate proliferation of the g omer ar 

and degenerative changes in the tubules. The most pronoimce a tera ions aa ere 
found in the kidneys of the chicken killed at the end of the first sa t in a 'e perio 
In this bird, there AA^as a marked proliferation of the glomerular t ts aat 
spicuous hyperplasia of the individual cells and a moderate proliferatwn o oaa 
man’s capsule. The proliferated glomerular tufts completely fills t e caps a 
space and the capillaries AA'^ere compressed and ischemic. The u neys o 
five birds killed at the end of the study shoAi'^ed similar changes u o a esse 
degi’ee. Proliferation of glomerular tufts and hyperplasia of BoAATOan s caps e 
was still evident, but the capsular spaces were not completely o i era e an 
the capillaries appeared less compressed. lirakower and Heino ( ) oun g o 
merular enlargement to be variable in their salt-treated birds, epen en mam y 
on the normal rate of grovAdh. Inflammatory or sclerotic c anges AAere no 
encountered in our series. The tubules AA’-ere for the most part mtac or ® 
a mild cloudy sAA^elling. Arterial and arteriolar changes were i 'eAAnse a sen . 
It shotdd be noted that in the normal chicken these A^essels present a verj aa e 
developed muscular coat. 
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Gastrointestinal hemorrhages ivere not found at autopsy in our birds, although 
they may have been present earlier in the course of the experiment, since blood- 
streaked excreta were observed in several birds. 

DISCUSSION 

The intake of 0.9 per cent saline by mammals is generally followed by an 
immediate transfer of this fluid and salt across the circulatory bed into the inter- 
stitial fluid. If a large amount of saline is ingested, it may be greater than can 
be excreted by the unadapted kidney and thus will lead to the development of 
edema. This is apparently what occurred in the experiments of Setye (5) and of 
Krakower and Heino (6). In our experiments, a transient questionable edema 
developed in some animals but all our animals soon lost weight and actually 
became dehydrated. This may have been due to an adaptation of the excretory 
function' of the animal to the increased load. 

Normally the chicken reabsorbs much of the m'inary water in the cloaca and 
excretes only a paste composed of uric acid and other nitrogenous substances. 
Under the conditions of our experiments, however, the increased fluid intake 
occasioned by the high salt content of the water results in an apparent over- 
whelming of the dehydrating mechanism and in a consequent production of a 
fluid excreta. 

The increase in both systolic and diastolic blood pressures during the course of 
high salt intake is considered significant because the upward trend was present- 
■ in all of the birds. By comparison, a control series of blood pressures in five 
normal young chickens taken over a period of 80 days was found to be remarkably 
constant; the average variation in systolic and diastolic pressures in this group 
was 8 mm. Hg, with no tendency for the blood pressure to change significantly 
during the period. 

No less striking was the effect of the return to tap water, which produced an 
average drop in pressure of 43/28 mm. Hg. Since this phenomenon was observed 
twice, we feel justified in assuming a direct relationship between high salt intake 
and the rise in blood pi-essure in the chicken. The mechanism of this phenom- 
enon is not entirely clear. An increased blood volume is probably not involved 
as our direct measurements show, and as the marked weight loss and dehydration 
would seem to indicate. 

The production of hjfpertension in the chicken by a high salt intake in the 
drinking water appears pertinent to the general problem of the genesis of hyper- 
tension. It has been Icnoum for some time that desoxycorticosterone, which 
affects the axcretion of Na and K, also produces changes in the blood pressure 
in man and other animals (cf. 9). Particularly is this true in animals on. a high 
salt diet. The low blood pressures seen in Addisonian patients is also associated 
with a low plasma sodium concentration, and this hypotension can be treated 
by the oral administration of sodium chloride (10). Further, the recent emphasis 
on the use of salt-free diets in the treatment of arterial hypertension (cf. 11), 
which originated primarily on an empirical basis, may be considered to have some 
support from these and other findings. 
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The mode of production of the liypertension in the chicken is not clear at the 
present time. The proliferative renal changes which are observed may begin as 
an adaptive response to high salt intake, but finally may act to increase the intra- 
renal pressure and thus decrease the blood flow through the kidney. The rela- 
tionship of the sodium chloride to the blood pressure changes would, however, 
emphasize the possibilit}'^ that the adrenal cortex has an important role in the 
h}’pertensi'V’'e process. 


SUMMARY 

1 . The blood pressures of chickens were measured at frequent intervals before, 
during and after periods of substitution of 0.9 and 1.2 per cent of saline solution 
for the drinking water. Some determinations of body weight, hematocrit and 
blood volume were also obtained. 

2. The average systolic and diastolic blood pressures increased progressively 

during the period of salt administration from an average of 132/117 mm. Hg at 
the beginning of the increased salt intake to a maximum average value of 182/154 
mm. Hg. The blood pressure fell promptly to control levels after the withdraAval 
of NaCl. Similar observations were made during two periods of salt adminis- 
tration and two periods of return to the drinking of tap water. The degi'ee of 
hypertension appeared to depend upon the concentration of salt in the ingested 
water. ^ 

3. Hyperplasia and proliferation of glomerular tufts and Bowmans capsue 
Avith compression of the capillaries were found after prolonged periods of t e 
substitution of saline for drinking AA'ater. This hyperplasia is reversib e. 

4. The relation betAveen the kidney and factors affecting salt meta o ism m 
the production of this hypertension is discussed. 

We are indebted to Dr. 0. Saphir of the Pathology Department for his critical revie 
the microscopic sections. 
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Cruickshank and Whitfield (1) in 1945, following experimentation on the 
cat, stated that a variable portion of initially injected T-1824 was phagocytized 
by the reticuloendothelial system, thereby ‘blocking’ that system so that all of 
a second injection of dye would be available for dilution. This concept has since 
been termed the ‘cat effect.’ They felt that plasma volume determinations based 
on single injection dye-dilution techniques would be subject to a possible error 
up to 20 to 30 per cent. Mather, et at. (2) reported the occasional occurrence 
of the ‘cat effect’ in humans. Miller (3, 4) experimenting on dogs concluded 
that the correct interpretation of Cruickshank and Whitfield’s results was un- 
certain. Noble and Gregersen (5) reported that they had never seen the ‘cat 
effect’ in dogs or humans studied in their laboratory, although Meneely, et al. (6) 
recently stated that the validity of the blue dye method for estimation of plasma 
volumes was open to question. It seemed worthwhile to reinvestigate this 
problem in the human. 

We felt it could be assumed that the plasma volume of noiinal, basal adults 
while at rest in bed would not change appreciably over a period of 40 minutes 
(small fluid shifts could be ascertained and corrected for, by estimations of the 
serum specific gravity) and that two consecutive estimations of plasma volume 
by identical techniques, 30 minutes apart, should be the same, within the limits of 
experimental error. If the ‘cat effect’ was present, however, the first determina- 
tion should be appreciably higher (dye concentration of the unknovm relatively 
lower) than the second, which would lead to the assumption that there had been 
destruction, phagocjdosis, or removal of a portion of the initially injected dj'^e. 
Further, we felt that the use of single 10-minute samples (5) for the calculation 
of plasma volumes, rather than backward extrapolation of disappearance curves, 
would be justifiable for two reasons. First, the two independent estimations of 
plasma volume could be made within a shorter period of time, favoring the main- 
tenance of a ‘steady state’. Second, presumably the ‘cat effect’ appears early 
on the disappearance curves and, if it exists in the human, the 10-minute samples 
would show the effect adequatelJ^ 

Accordingly, six 5 mung, healthy, adult males, following at least 6 hours of 
sleep and 12 houre of fasting, were injected intravenously with T-1824 (lot 
?S'LG307) purchased from the Warner Institute. The exact amount was de- 
termined by a weighed syringe technique and approximated 20 mgm. in each 
instance. Control samples were taken immediately before injection, and 
e.xactly 10 and 30 minutes after injection samples were again removed. A second 
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weighed injection of approximately 20 mgm. was made about 2 to 4 minutes 
following withdrawal of the 30-minute sample. Ten minutes after this injection 
samples were removed. Samples were taken in duplicate from left and right 
antecubital veins by separate but simultaneous venipunctures. Precautions 
were taken to avoid hemolysis and stasis. Timing was done wth a stopwatch. 


TABLE 1. R. S., 12-16-47 


Mgm. d>'C injected; Injection A 19.074 mgm.; Injection B 19.158 mgm. 



TlifE IN 
MINUTES 

ARM 

O.D. 

L620 

O.D. 

L540 

O.D. COR- 
RECTED roR 
HEMOLYSIS 

SERUM 

SPECIFIC 

GRAVITY 

O.D. COR- 
RECTED FOR 
HEMOLYSIS 
AND FLUID 
SHIFTS 

Control 

0 

L 

0 

0 


(1.0249) 



0 

R 

0 

0 


(1.0249) 


Injection A 

0 

L 







10 

L 

0.382 

(.199) 

0.383 

(1.0247) 

0.386 


10 

R 

0.382 

(.196) 

0.383 

(1.0247) 

0.386 


30 

L 

0.367 

(.172) 

0.370 

(1.0245) 

0.376 


30 

R 

0.370 

(.190) 

0.372 

(1.0245) 

0.378 

Injection B 

32 

L 







42 

L 

0.739 

(.336) 

0.743 

(1.0244) 

0.759 


42 

R 

0.755 

(.381) 

0.760 j 

(1.0250) 1 

0.758 


.759 

O 


.759 



0 10 20 30 40 

(Time in minutes) 


50 


Plasmn volume = ^gi^°j?<rted X 0.540 X 100 ^ volume A: = S610 ml. 

O.D. of unknown 

Plasma volume B: X 0.540 X 100 ^ ^ j5 (p,asma removed) = SBTB ml. 

•oS9 

Disagreement between A and B: 6 ml. % disagreement between A and B: 0.2% 

The samples were allowed to clot and then centrifuged, the serum being removed 
and recentrifuged. All samples were read directly against the initial dye- ree 
serum in a Coleman Junior Spectrophotometer using a wave length of 62() m^i. 
The optical densities obtained were corrected for imperceptible hemol 3 ’'sis y 
the method used by Price and Longmire (7). Each sample was then coriecte 
for small fluid shifts by utilizing changes in the specific gravit}'" of the serum, 



VAIilDITY OT' T-1824 IN PLASMA VOLUME DETERMINATIONS 


565 


assuming that the total plasma protein had remained constant throughout the 
procedure. (The corrections were obtained by applying the following formula; 

S.G.o - 1.007 
^ S.G.t. - 1.007 

A 

in which O.D.t = optical density at time t after the first dye injection; S.G.o = 
serum specific gravity of the control sample before the first dye iPjection; 
S.G.t = serum specific gravity at time t; O.D.c = theoretical optical density if 
plasma volume had remained unchanged.) All optical densities, therefore, 
represent the concentrations of dj'’e that would be present if the plasma volume 
had not changed during the procedure. The approximate disappearance curve 
of the initially injected dye, based upon the 10- and 30-minute samples, was 
projected for another 10 minutes using semi-log paper for the plot. The 
optical density at this point was subtracted from that of the second 10-minute 


TABLE 2 


Subject... . 


J. 

G. 

H. T. 

K, 

. G. 

A. 

T. 

w. w. 

[ R. S. 

Date. 


12-5 

1 

X2-9 

12-10 

12-11 

12-12 

12-16 

Abu 


L 


L 

! It 

L 

i R 

L 

R 

L 



R 

Optical densi- 

Control 



0 

0 


0 



0 



0 

ties correc-j 

A.lOmin. 


— 

.311 

.310 

.311 

.314 

.314 

1 .317 

.296 

.296 

.386! 

.386 

ted for he- 

30 min. 

Ksiii 

.291 

.300 

.301 


RUM 

Bum 


.285 

.285 

.376* 

.378 

molysis andj 
fluid shifts 

B. 10 min. 

.5841 

.589 

.611 

1 

.612 


H 

.5981 

1 

1 

i 

.578 

1 

.678 

1 

1 

.759 

* 

.768 

Plasma volume A 

3188 ml. 

3149 ml, i 

3184 ml. 

1 

3417 ml. 

1 

3414 ml. j 

2670 ml. 

Plasma volume B 

3213 ml. 

3215 ml. 

3220 ml. 

3374 m]. 

3440 ml. 

2676 ml. 

Disagreement 


25 ml. 

66 ml. i 

36 ml. 

43 ml. 

26 ml. 

6 ml. 

% Disagreement 

0.8% 

2.1% 

1% 

1.3% 

0.8% 

0.2% 


sample to correct for the residual dye present in the serum and its disappearance 
from the time the 30-minute samples were withdrawn imtil the second 10-minute 
samples were taken. Plasma volumes were then calculated after the method of 
Noble and Gregersen (5). The volumes calculated from the reinjected dye were 
also corrected for the plasma removed dui'ing the procedure. A representative 
e.xperiment is illustrated in table 1. Results are summarized in table 2. 

The ‘cat effect’ was not observed in this series of si.v consecutive experiments. 
The close agreement of optical densities of the lO-minute samples, which were 
taken simultaneously from left and right arms, is further evidence that in the 
normal, basal liuman the dye is complete^ mixed within 10 minutes’ time. In 
our hands the use of T-1S24 in the noimal, basal human for determination of 
plasma volume (using a 10-minute sample for calculation of each plasma volume) 
suggests reliability as shown by the close agreement of optical densities of 
samples withdrawn simultaneouslj% and hy the checks obtained in repeat esti- 
mations of plasma volume within a period of 40 minutes. Although recent work 
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on dogs (4) questions whether the 10-minute sample actually measures total 
plasma volume, our choice of 10-minute samples in these experiments would still 
appear to be valid, in that, at least, we are attempting to measure the same 
volume of plasma by each reinjection. Our use of a single 10-minute sample 
was for the reasons outlined above and even though our calculated plasma 
volumes may represent the 'circulating plasma volume’ (4), we feel that the 
close agreement of the independently calculated plasma volumes (an average 
difference of 35 ml. in an average plasma volume of 3170 ml.) enhances the prob- 
ability that the correct use of disappearance curves of the dye T-1824, with back- 
ward extrapolation to zero time, will give even more reliable estimates of total 
plasma volume. 

We wish to thank Dr. E. M. Grcisheimer for her immense assistance in this project, and 
Drs. M. J. Oppenheimer, E. E. Aegcrter, Robert Houston Hamilton, J. R. Willson, George 
Henny and R. W. Sunderman for their continued interest and advice. In addition, we 
would especially like to thank all of our volunteer subjects, who participated in these and 
prior experiments, for their time and cooperation. This work was supported in part by 
RG-194, N. I. H. 
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In work on the purification of prothrombin (1-4) it was noted that throm- 
boplastin and calcium ions activated purified prothrombin less rapidly than 
prothrombin in native plasma (4, 5). This indicated that either the prothrombin 
molecule was damaged during the purification procedures or that a ‘convertibility 
factor’ had been removed. The possibility of damage to the molecule seemed 
likely because of the ease with which manjr ordinary laboratory manipulations 
destroyed the activity completely. A slight change in reacti\dty was, therefore, 
regarded as a logical intermediate stage in denaturation. This belief was further 
strengthened by the fact that heating not only destroys prothrombin but leaves 
some material of low-grade reactivity (2). Thrombin produced much the same 
effect on prothrombin (6), and experiments with fibrinolysin ga^’■e tj’'pically the 
same picture (7). As a result of these facts, the term paraproihrombin was 
proposed by Seegers (8) as a convenient description of this sluggish reacting 
prothrombin (7, 8). 

The possibility of the existence of a convertibility factor was indicated in 
several reports (9-1 1) . The prothrombin conversion rate was found to vary from 
one species to another being especially slow in man and guinea pig (9). Com- 
pensatorj'’ mechanisms were found to exist in vitamin K deficiency at low pro- 
thrombin levels (10, 11), providing for adequate coagulation by increasing the 
rate of prothrombin conversion. In one report, Smith reasoned that pro- 
thrombin activation rate is “determined by a ‘convertibility factor’ of unknown 
nature” (12). 

Conclusive evidence for the existence of such a factor was obtained inde- 
pendently in three different laboratories from studies wfith purified materials 
(13-16). A human case deficient in the factor was described by Owren (17). 
The accelerator factor has been obtained in concentrated form in two laboratories 
(16, 18). Bdien small amounts of the concentrates are added to purified pro- 
thrombin products, the prothrombin activation rate is invariably as rapid as that 
found in native plasma. This seems to preclude the possibility of damage oc- 
curring to the prothrombin molecule during purification. Consequent!}^ there 
is now no need for the term paraprothrombin (7,8). Attention has been directed 
to study ing the convertibility factor. It accelerates the interaction of pro- 

I .\ided by a grant from the U. S. Public Health Service. Parke, Davis and Co. supplied 
large quantities of plasma and funds for research. The material in this paper was presented 

n rr meeting of the Canadian Physiological Society, London, Ontario, 

Uctober 2*1, 1947. 
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thrombin, thromboplastin and calcium ions. Since it is a globulin and an accel- 
erator, it has been referred to by the term ‘Ac-globulin’ (15). It has been showa 
by Ware, Murphy and Seegers (19) that a similar, but more potent, accelerator 
is present in serum. To distinguish between the two it is convenient to speak of 
plasma Ac-globulin and serum Ac-globulin in accordance with their respective 
occurrences or origins in plasma or serum. 

The following facts were deduced from experiments to be described in this 
paper. It is probable that plasma Ac-globulin is a pro-enzyme, therefore, being 
completely inactive. It is partially activated by amounts of thrombin which are 
too small to cause clotting of plasma. Slightly larger quantities of thrombin 
completel}’^ activate the enzyme and greater amounts, in addition, actuallj’’ de- 
stroy its activity. The chemical properties of serum Ac-globulin are similar to 
those of its plasma precursor. The methods described herein for the purification 
and quantitative determination of serum Ac-globulin are fundamentally similar 
to those already described for plasma Ac-globulin (18). 


EXPERIMENTAL 


Relative effects of serum and plasma on the activation of purified prothrombin. 
Blood collected from a single cow was divided into two parts. One part was 
allowed to clot and the other was mixed wdth one seventh its volume of a solution 
of 1.85 per cent potassium oxalate. Anhour later the two parts were centrifuged 
and the activities of the accelerator substances present in the serum and in the 
plasma were compared at three different concentrations (fig. 1) by a procedure 
similar to the two-stage method for determination of prothrombin (20-22). T e 
serum or plasma was allowed to act on prothrombin in the presence of an excess o 
thromboplastin, under standarized conditions, for varying lengths of time, t e 
quantity of thrombin formed was then measured in terms of clotting time e er- 
mined by the addition of standarized fibrinogen. 

In the same concentrations, sermn produced thrombin much more lapidly t an 
plasma. Within the limits of experimental error, the final yields of throm m 
were the same in each paired experiment. It is apparent that plasma Ac-globu m 
becomes more active as a result of the blood coagulation processes. However, i 
is not indicated whether the accelerator is completely activated in serum. 

Activation of plasma Ac-globxdin. Thrombin is the substance which produces 
the change occurring in Ac-globulin during clotting (19). Therefore, it is neces- 
sary to study the effects of thrombin on oxalated plasma. The plasma was in- 
cubated with varying amoimts of thrombin (table 1) . The thrombin was a very 
active concentrate of purity comparable to the products described by Seegers a.n 
McGinty (23) . It is very improbable that, in the dilutions used, other clotting 
factors were introduced by the added thrombin. The formation of serum Ac- 
globulin was studied by diluting the mixtures of plasma and thrombin (table 1) 
with saline and by incubation with a standarized mixture of prothrombin, throm- 
boplastin and calcium ions. By measuring the time required for the thrombin 
formed to clot fibrinogen, a quantitative concept of thrombin yield was obtained. 
The results are recorded in table 1 and in figure 2. 
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One tenth to 0.2 of a unit of thi-ombin was usually not sufficient to clot the 
plasma in one hour, but it was adequate to produce serum Ac-globulin in quanti- 
ties easily detectable. Ten units of thrombin were apparently required to pro- 
duce a maximum jdeld of serum Ac-globulin. With 30 or more units of thrombin 
the resulting serum Ac-globulin was less active and vdth 200 imits of thrombin 
the activity was reduced by 90 per cent. This loss of activity is believed to be 
due to the destruction of serum Ac-globulin by thrombin. Preliminarj'- experi- 
ments with purified Ac-globulin and thrombin substantiate that view. 



Fig. 1. Eelative effects of serum and plasma on the activation op prothrombin- 
A and a, serum and plasma, respectively, diluted 1500 times; B and b, serum and plasma> 
respectively, diluted 4500 times; C and c, serum and plasma, respectively, diluted 20,000 
times. Dilutions of plasma include anticoagulant added. The diluted serum or plasma, 
plus a constant amount of Ac-globuiin free prothrombin, were added to the incubation 
mi.vture recommended for the two-stage analysis for prothrombin (20-22). Thrombin for- 
mation was measured by addition of fibrinogen at intervals. Clotting time is inversely 
proportional to thrombin concentration. 

As a matter of interest it seemed advisable to determine whether fibrinblysin 
can activate plasma Ac-globulin. In concentrations of 1 to 20 units (8), added 
to 1 cc. of oxalated plasma, no activation was noted. 

Purification of serum Ac-globulin. Work on the purification of serum Ac- 
globulm was conducted with two objectives in view. One was to find a method 
for obtaining potent concentrates; another was to test the theory that true serum 
Ac-globulm is the same as the serum Ac-globulin produced artificially by mixing 
thrombin and oxalated plasma. 

Beef serum was obtained fro a bovine blood after it had stood at room temper- 
ature for five to SIX hours. Defibrinated o.xalated beef plasma was obtained by 
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the addition of Thrombin Topical [Parke, Davis and Co., prepared as described 
(2)] in a concentration of 15 units per cc. to o.xalated plasma.- The thrombin was 
added at room temperature and the fibrin clots were removed as they formed. 
It was not possible to distinguish bet'ween the serum Ac-globulin products ob- 
tained from either source. The best yields, with either source material, were 


TABLE 1. Influence of varying amounts of thrombin on the Ac-globulin 

IN OXALATED BOVINE PLASMA 


ItEACTING CONSTITUENTS 

REACTING 

PXODCCIS OF EEACIIOX* 

O.Talated Plasma 

Thrombin 

TniE 

CC, 

1 

1 

1 

linifj' 

0 

hourS‘ 

0 

No reaction. Tube contains t 3 'pical plasma Ac- 
globulin. 

1 

0.1 to 0.2 

1 

Serum Ac-globulin alwaj's detected. Usually no 
clot formed. 

1 

1 

1 

1 

1 

1 

Formation of some serum Ac-globulin. Partial 
clot formation. 

1 

3 

1 

[ Large amount of serum Ac-globulin formed. 
Clot formed. 

1 

10 

1 

Complete conversion to Ac-globulin. Clot 
formed. 

1 

30 

1 

Serum Ac-globulin formed and some destroj'ed. 
Clot formed. 

1 

100 

1 

Serum Ac-globulin formed and considerable por- 
tion destroj’^ed. Clot formed. 

1 

200 

2 

Serum Ac-globulin formed and 90% destroyed. 
Clot formed. 


* Added in a volume of one cc. to give final concentration of thrombin indicated, 

“ The reaction between plasma Ac-globulin and thrombin to form serum Ac-globulin is 
rapid. Time was allowed for destruction of added thrombin by anti-thrombin, 

’ If clots were present they were removed mechanically and the resulting Ac-globulin 
was measured by its ability to accelerate the interaction of prothrombin, thromboplastin 
and calcium ions (fig. 2). 

obtained by the method already described for preparation of plasma Ac-globuIin 
in concentrated form (18) . The method consists of acid fractionation of diluted 
plasma or serum, adsorption on magnesium hydroxide suspension, elution with 
carbon dioxide rmder pressure, fractionation with cold concentrated ammonium 
sulfate solution, dialysis to remove salts, and isoelectric fractionation. 


^ The plasma was oxalated with a special oxalate mixture, low in electrolytes (3). 
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Serum Ac-globulin of high purity has also been obtained by addition of small 
amounts of thrombin, one rmit per cc. or less, to purified plasma Ac-globulin. 
This method of preparation is preferred because of its simplicity and because the 
products are of higher quality than those pi’epared from either serum or defi- 
brinated plasma. 

Quantitative analysis of serum Ac-globulin. Quantitative measurement of 
activity is made by an adaptation of the trvo-stage method for determining pro- 
thrombin (20-22). When the prothrombin, thromboplastin, calcium ions, tem. 



Ac-GLOBULIN 

PROTHROMBIN + THROMBOPLASTIN — >>THR0MBIN 


Fig. 2. Lvflue.vce of varyiug amovuts of thrombin on the Ac-globulin in oxa 
LATEO PLASMA. The plasma was treated according to the outline in table 1, diluted 5000 
times, and allowed to accelerate the activation of standardized prothrombin. Throm- 
boplastin and calcium ions were used according to the specifications of the two-stage ana- 
lytical procedure for prothrombin (20-22). The thrombin formed in these reactions was 
measured at intervals bj- the addition of fibrinogen. The clotting times (ordinate) found 
at various activation times (abscissa) represent the curves in the figure. Thrombin con- 
centration is inversely proportional to clotting time. The standard prothrombin prepara- 
tion was Ac-globulin free and in the concentrations used yielded 12-second clotting with 
ninnogen when fully activated to thrombin. The curves at the right represent various 
stages in the formation of serum Ac-globulin from plasma Ac-globulin; those at the left 
indicate that serum Ae-globulin was formed and partially destroved by relatively large 
amounts of thrombin. ® 


peiature, salt concentration, pH, etc. are kept constant, the rate of thrombin 
formation is proportional to the quantity of serum Ac-globulin in the reaction 
mi.Nturc. The curves in fi^re 3 represent the different rates of thrombin pro- 
duction resulting from varying concentrations of serum Ac-globulin. The curves 
are similar to those described elsewhere for quantitative detei-mination of the 
plasma accelemtor (IS) and they were obtained by the same procedures. In 
Older to determine the concentration of senim Ac-globulin in an unknown it is 
fii^t necessary to add a portion of it to the reaction mi.xture containing standard 
uod ,>roth,on.bm, thrombopla^to and ealcinm ions. ThromWn t 
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then followed by addition of fibrinogen, at intervals, to portions of the reaction 
mixture. By plotting tlie activation curve on figure 3, the concentration of 
serum Ac-globulin in the unknown can be estimated. If the activation curve of 
the imknown does not fall between cmwes 5 and 60 on the figiue, a new dilution 
of unlcnovTi should be made because this range has been found to be the most 
accurate and reproducible portion of the family of curves. 



TIME JN MINUTES 


PROTHROMBIN + THROMBOPLASTIN 


Co++ 


Ac-GLOBULIN 


-►THROMBIN 


Fig. 3. Acceleration of prothrombin activation with varying concentrations of 
SERUM Ac-globulin. These curves were obtained by adding varying amounts of serum 
Ac-globulin and a constant amount of prothrombin to thromboplastin and ca 
under the conditions specified by the two-stage procedure for prothrombin analj'sis ( 

At intervals, fibrinogen was added and clotting times were recorded. The amount o irom 
bin present is inversely proportional to clotting time (ordinate). The prothrom in an 
thromboplastin were relatively free of Ac-globulin as indicated by the slow orma ion o 
thrombin when no serum Ac-globulin was added. Under these conditions, one lour was 
required to produce enough thrombin to give 40-second clotting with fibrinogen. e 
prothrombin was of sufficient strength to give 12-second clotting with fibrinogen ^ 
fully activated. Concentrations of serum Ac-globulin (units per cc. x 1000) are represen e 
by the large numbers at the tops of the curves and by the small numbers on the 24- an 
second clotting time coordinates. The latter w^ere derived by interpolation. T e ro 'en 
lines (rectangular curves) are for comparison, representing prothrombin activation curves 
obtained by the same method with two different concentrations of plasma Ac-g o u in 
instead of serum Ac-globulin. 

A xmit of serum Ac-globulin is defined as 1000 times that amount which when 
present in one cc. of the reaction mixture will reproduce curve 1 of figure 3. This 
unit is approximately of the same magnitude as the arbitrary unit described for 
plasma Ac-globulin (18). One unit of plasma Ac-globulin should ;^eld approxi- 
mately one unit of sermn Ac-globulin when the former is fully activated. It is 
unfortunate, however, that a precise correlation cannot be made with the use oi 
data now available. 
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Stahility of serum Ac-globulin. Serum Ac-globulin is remarkably stable in 
serum. Two samples of beef serum, collected by centrifugation one and one 
half hours after the blood was drawm, were stored at 6° C. The accelerator 
activity was compared at intervals with a pooled sample vdiich had been frozen 
and stored at —30° C. The analytical values indicate, within the limits of ex- 
perimental error, that no significant loss of activity occurred on storage at 5° C. 
for a period as long as 26 days (table 2). 


TABLE 2. Stability of accelerator in bovine serum at 5°c 


DAVS or STORAGE AT 5° C. 

CONCENTRATION OT SERUM AC-CLOBULIN 

Serum 1 

1 Serum 2 

Control serum' 


Vnits/cc. 

Vnitsfcc 

Uniis/cc, 

0 , 

115 

59 

72 

8 

164 

71 i 

87 

16 

102 

65 

66 

26 

90 

55 

73 


1 Mixture of serum 1 and serum 2, stored at —30° C. 


DISCUSSION 

It has been mentioned repeatedly in the literature that in the clotting processes 
a ‘latent period’ precedes the period of thrombin production. After a Rmnl[ 
amount of thrombin is produced, further formation of thrombin apparently 
results from autocatalysis. The explanation for this phenomenon is furnished 
by our observations which have shorni that Ac-globulin in plasma becomes more 
active in the presence of small amounts of thrombin (19, 24). Apparently the 
thrombin hastens its own formation by forming an intermediate (serum Ac- 
globulin) which, in turn, catalyzes further thrombin production. These reactions 
are more accurately termed c o-autocat alysis (19, 24) instead of autocatalysis. 

In order to attempt an explanation of the role of Ac-globulin in blood coagu- 
lation it is first necessar}’- to mention that thrombin is produced slowly, in the 
absence of Ac-globulin, by the interaction of thromboplastin, prothrombin and 
calcium ions. This has been proven in this laboratorj'- bj'^ extensive work which 
will be reported at a later date. This conclusion is Jn_ conflict with the recent 
interpretations presented by Owren (16). " — ' 

From the prothrombin activation curves of figure 2, it is possible to conclude 
that plasma Ac-globulin itself does not act as a catalyst. It is a pro-enxyme and 
must first be changed, by tluombin, to the active catalyst; serum Ac-globulin. 
In figure 2, the curve at the extreme right represents the interaction of thrombo- 
plastin, prothrombin and calcium ions in the presence of plasma Ac-globulin. 
ihere was first a latent period, more accurately called a period of slow thrombin 
production, during which very small amounts of thrombin were formed by the 
interaction of thromboplastin, protlirombin and calcium ions. This period 
“ mmutes during which time approximately 5 per cent of the 
prothrombin was converted to thrombin. The remaining 95 per cent of the 
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potential thrombin was produced during the following two to three minutes. 
This period of i-apid thrombin production results from the action of acti-^'e 
catal3fst and coincides with the formation of additional active catalyst. The 
same prothrombin, thromboplastin and calcium ions, alone forming thrombin at 
a slow rate, required from one to one and one half hours to produce a 30 to 40 per 
cent jdeld. When plasma was added which was prcviouslj’’ activated Avith 
thrombin (10 units per cc.), the period of slow thrombin production was reduced 
to approximatelj’^ two minutes. This acceleration of thrombin formation is much 
greater than was achieved with a comparable amount of untreated plasma. 
These facts make it veiy unlikelj^ that active Ac-globulin exists in plasma; if 
there is anj’^ of the acth^e catab’^st in plasma, the amount is probablj’- small as 
compared to the quantity of inert Ac-globulin present. 

Assuming the above interpretations are correct, it is now possible to attempt 
a description of the processes of blood coagulation as thej’^ occur. The equation 
below represents the first reaction : 

Prothrombin + Thi'omboplastin > Thrombin 


This permits the kej'' concept that scrum Ac-globulin is the result of thrombm being 
formed first. This reaction is slow but on the basis of mass law a high plasma 
prothrombin concentration presents favorable conditions. Perhaps that is whj'’ 
such an apparent excess of prothrombin is provided in plasma. The quantity of 
thromboplastin is the limiting factor in normal phj’^siological conditions. The 
above reaction corresponds to the ‘latent period’ in blood coagulation. Even 
when 0.1 of a imit of thrombin per cc., about 0.03 per cent of the total potential 
thrombin of plasma, is liberated some serum Ac-globulin is produced (cf. table ) 
as follows: 

Plasma Ac-globulin > Serum Ac-globulin 

This reaction is at first slow but as more catalyst (thrombin) becomes available 
it progresses more rapidljq producing more serum Ac-globulin. Meamvlule no 
clot has formed. However, the foIIoAving reactions gain impetus: 

Prothrombin -f- Thromboplastin —5 — j— j — p — > Thrombin 

Serum Ac-globulm 

Thrombin 


Plasma Ac-globulin 


Serum Ac-globulin 


The thrombin titer soon rises high enough to cause clotting of fibiinogen as 
follows: 


Fibrinogen 


Thrombin . 

> Fibrin 


Thereafter the above reactions become spent. The thrombin formed is destroyed 
by antithrombin and antithromboplastin acts on the thromboplastin (25-27). 
Serum Ac^lobulin survives, or at least it does in the bovine species. Whether 
it does in other species remains to be deteimined. 
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It is theoretically possible to have senun Ac-globulin circulating in the living 
organism thus furnishing the individual with a hyperreactive coagulation system 
more sensitive to the action of thromboplastin than normal. An adequate 
source of thrombin, for forming the serum accelerator, could be derir^ed from a 
bruise or from the vicinity of a thrombus. This may be of importance in the 
problem of thrombosis. It might be suggested that such minute amounts of 
thrombin would easil5'' be disposed of by the action of plasma antithrombin. 
However, that is not in accord with the known facts of the reaction Idnetics in- 
volved. It has been shonm that the interaction of thrombin and antithrombin is 
an equilibrium reaction (28). The last traces of thrombin are removed with | 
extreme difficulty (29) so that it is probably possible for small amounts of throm- j 
bin to remain active in the blood for enough time to partially activate plasma 
Ac-globulin. 

It seems likely that serum Ac-globulin is identical with Factor VI of Owren 
(16). He concluded that Factor VI is formed from Factor V (plasma Ac- 
globulin?), but he did not recognize the key role of thrombin in this trans- 
formation. He, therefore, proposed that ‘prothrombin? + Factor V 

Thromboki^se Ca __^ Factor VI’ and that the latter is the true activator of 
prothrombin. The data reported above show that calcium ions are not necessary 
for the formation of the active accelerator, and they indicate that serum Ac- 
globulin is not the true activator of prothrombin. Owren did not recognize the 
basic difference between the plasma and serum type accelerators. In some ex- 
periments he used defibrinated plasma as a source of his Factor V products. He, 
therefore, used the plasma and serum accelerators interchangeably. It is also of 
interest that he reported a concentration of Factor V in seriun as 190 per cent of 
that in plasma. This result is explained by the data reported above; serum Ac- 
globuUn is capable of activating prothrombin much more rapidly than plasma 
Ac-globulin; a qualitative difference was mistaken for a quantitative difference in 
Owren’s experiment. 


SUMMARY 

Plasma Ac-globulin is probably an inert protein or a pro-enzyme. It is 
changed to serum Ac-globulin by thrombin. Fibrinol 3 '’sin will not produce the 
change. Serum Ac-globulin is the active catalyst of the interaction of pro- 
thrombin, thromboplastin and calciiun ions. It is present in bovine serum and 
ma}^ be formed in oxalated plasma or from purified plasma Ac-globulin bj^ the 
addition of small amounts of thrombin. Large quantities of thrombin destroy 
Ac-globulin activity. Thrombin is formed bj" co-autocatalj^sis in the blood- 
clotting mechanism, 

Senun Ac-globulin has been obtained in concentrated form from bovine serum 
and from defibrinated oxalated bovine plasma. Its chemical properties cannot 
be differentiated from those of plasma Ac-globulin. Stability studies show that 
senim Ac-globulin is quite stable in bovine serum. Its activity can be measured 
quantitative!}’ by the methods described. 
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The function of Ac-globulin in the blood-clotting mechanism is summarized 
by the following equations: 

(1) Prothrombin + Thromboplastin > Thrombin 

(2) Plasma Ac-globuIin ■ — ^ Serum Ac-globulin 

(3) Prothrombin + Thromboplastin s 1 — n — r- — * Thrombin 

^ Serum Ac-globulm 

(4) Fibrinogen — — — > Fibrin 
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In assaying heparin by the use of beef and sheep plasma, the problem of assess- 
ing the end-point led to a stud}'' of the optical density of the clot. The trans- 
mission of light as a means of studying coagulation of plasma has been used by 
various workers (1). The clotting of fibrin in a system of purified components 
was reported by Ferry and Morrison (2). These studies did not include heparin. 
Meylink (3) proposed the use of the electrophotometer for assaying heparin but 
gave no data and stated that the end-point should be taken at corresponding 
points on the coagulation curves in the region where conversion of fibrinogen is 
most rapid. 

The present investigation was vmdertaken with the same object in view as 
Meylink ’s study, that is, to determine the applicability of the optical method to 
the assay, and was in progress when Meylink’s report became known. An assay 
could be carried out in two ways: 1) establish time-density clotting curves for 
different concentrations of each sample and standard and make proper compari- 
sons, or 2) set up the experiment as in the usual assay technique and after one or 
two hours read the degree of clotting uith the electrophotometer instead of by 
the visual method. The first method is not adaptable for practical assay work 
because of the limited number of samples that can be run simultaneousl}’-, and 
because the rapid deterioration of plasma obviates quantitative comparison of 
samples not run concurrentl 3 ^ The chief objection to the second method (and 
it applies to the first as well) is the lack of uniformity of the clots in man}’- in- 
stances, more particularly^ in beef than in sheep plasma (4). This lack of uni- 
formity can lead to considerable error in determining the light transmission since 
in practically all photoelectric instruments the light beam passes through only 
a portion of the medium. 

This report covers investigations on time-density clotting curves as deter- 
mined by the photoelectric method. It is not concerned vdth assay material 
as proposed imder 2) above and it will be seen that the use of the clotting curves 
themselves cannot be adapted very well to an assay method. A preliminary 
report on this study was given at the 1947 Federation meeting (5). 

METHOD 

Optical density has been expressed in terms of reciprocal function, the per cent 
transmission of light. Measurements n^re made with a Fisher electrophotom- 

> Supported by a grant from the United States Public Health Service. 
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eter. Thirteen x 100 mm. lipless pyrex tubes selected for uniformity were em- 
ployed. The tubes with cork stoppers were too tall for the cover of the instrument 
to close tightly so a section of it was cut out and a light tight hood attached. 

The procedure consisted of recalcifying citrated plasma in the presence of 
varying concentrations of heparin. This was similar to the assay technique 
(4). Beef and sheep plasma stored in the frozen state were used. The volume 
was 3 cc. of which 1.5 cc. represented the plasma. A volume of 2 cc., employed 
in the assay, could not be used on account of the size of the light aperture, and 
it seemed better to increase the volume rather than alter the instrument. The 
ingredients were added in the follovnng order: heparin, plasma, saline and calciiun 
chloride. After adding calciiun the tubes were immediate^’’ stoppered with 
paraffined corks, inverted four times and placed in the instrument. Time was 
measured from the moment of inversion. The tests were conducted at room 
temperature. The red filter was used in the electrophotometer. 

The first or ‘zero’ reading was made at one minute and subsequent readings 
at appropriate intervals thereafter. Two tubes were rim simultaneousl 3 ^ The 
instrument was first adjusted to read 100 per cent transmission using distilled 
water as the standard. Plasmas then showed appinximatel}’’ 95 per cent 
transmission. 

Curves of the results were drawn by plotting the per cent transmission against 
the logaritlim of the time in minutes. Quantitative comparisons are valid onlj’- 
between two tubes run simultaneouslJ^ Because of gradual deterioration of the 
thawed plasma all comparisons between tubes run at different times must be 
considered qualitative. 

Species and individual variations of plasma {fig. !)■ Coagulation in imhepai- 
inized plasma was followed for several hours. The amount of light transmitted 
was reduced to about 65 per cent in sheep plasma and about 20 per cent in bee 
plasma. Curves for two samples of each species are shown in figure 1. One 
sample of each species was a composite of several batches mixed on the daj’’ of 
collection. The curves illustrate the marked species difference in clot density 
and the variation between specimens to be expected. These curves represent 
approximately the extremes encountered among the plasmas tested. 

It may be noted also that the time of onset of clotting varies. One curve of 
each species shows a delay of five minutes. Both of these samples were obtained 
in -winter. The composite samples were obtained in summer and though the 
inception of clotting was more rapid the final densities did not reflect the same 
apparent seasonal effect. Among data so far accumulated the optical density 
has usually been greater in plasmas collected in summer than in those collected 
in winter. However, in figure 1 the winter sample of sheep plasma (SE) is densei . 
Additional tests are needed to distinguish clearly between seasonal and individual 
variation. It may be added that in assaj-^ work there is a tendency" for both 
■ species to require less heparin in winter than in summer thus reflecting seasonal 
density changes. A similar observation was made bj’^ .Torpes and his 
coworkers (6). 

Nj'-gaard (7) -noted that the plasma clotting curve is divided into four parts. 
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The first phase is termed the period of dissociation. It corresponds to stage 1 of 
the clotting reaction and is the period from mixing to the beginning of fibrin for- 
mation, a point designated F bj’- him (see fig. 1). At F the transmission of light 
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by a further gradual decline in light transmission (or increase in density). This 
decline is quite apparent in the curves shown here and, in fact, proceeds much 
farther than in Nygaard’s curves, probably attributable to the absence of clot 
retraction in these tests in contrast to his tests on fresh human plasma. The 
fourth phase is the phase of retraction, the onset designated R by N 3 ’'gaard, and 
is sho'wn by him to start within a few minutes after point C is reached. Re- 
traction has never been observed in clots from frozen beef or sheep plasma, pre- 
sumably because of loss of platelets. The glass surface maj’’ be a factor in pre- 
venting retraction of the colloidal aggregate (8) but retraction has not been seen 
in cellulose nitrate or silicone coated glass tubes. 

In the third phase or ‘rest period’ Nygaard first considered that the further 
increase in density might be due to clot retraction without expression of serum. 
He ruled this out however by showing that further fibrin was formed during this 
third phase. The apparent length of this third phase was short in his experi- 
ments. If the same explanation holds for these tests, it means that coagulation 
is not complete for at least 8 to 24 hours. The plasmas employed here, inmost 
instances, began to coagulate as soon or sooner than in the examples showm by 
Nygaard and the second phase was just as rapid. It does not seem rmlikely that 
additional fibrin might be formed during the early part of the ‘rest period’, but it 
hardly seems credible that fibrin may still be forming for as long as 8 to 24 horns. 
However, the curves show a decrease in light transmission during the ‘rest period’ 
of as much as 30 per cent with or wdthout heparin and we woxdd then infer that 
30 per cent more fibrin is formed diiring this period. Since the changes between 
the second and third phases are somewhat abrupt, this would suggest that the 
transformation of fibrinogen is substantially completed by this time. 

It seems more plausible that some physical transformation of the fibrin already 
formed is taking place. Retraction — or contraction — of individual isolated 
fibrils may be taking place, thereby becoming shorter and thicker and with an 
absence of fusion to form an interlacing network would then result in no retraction 
of the clot as a whole. Another explanation may be that the fibers are simplj’’ 
imbibing fluid and swelling. Finally, a third explanation maj'’ be that the fibrils 
are agglutinating to form larger fibers but are not contracting. In any event a 
thickening of the fibrin fibers would account for the greater optical density. One 
of these explanations seems more likely than that fibrin formation is still going on 
for several hours and to the extent of 30 per cent. 

Some of the terms used by Nygaard (7) do not seem appropriate. His desig- 
nation of the first phase as ‘dissociation’ implies that the first stage of the clotting 
reaction is a dissociation process but, at the most, this is onty the initial part of 
the reaction since molecules are also considered to be combining during this phase. 
It would seem more simplified and less committal to call the first phase the ‘latent 
period’ on these clotting curves. The second phase, that of fibrin formation, 
could be described as the ‘coagulation period’. The third phase, or ‘rest period’, 
is certainly not characterized by rest. The term ‘condensation’ used by Howell 
(8) is more appropriate although he considered this condensation to be a part of 
the process of retraction. But it is manifest that condensation can occur without 
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clot retraction. The fourth phase, or ‘retraction period’, is suitably named. In 
this paper the first three phases will be termed the latent, coagulation and con- 
densation periods, respectively. 





Fig. 5-8 
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than with sheep plasma. The decreased density maj’’ l)e explained by a loss or 
denaturing of the fibrinogen. Lavergne et al. and Lozner el al. (9) have given 
evidence for the loss of fibrinogen in aged plasma. However, Honorato and 
Quick (10) do not believe that fibrinogen is lost and Honorato (11) states that 
fibrinogen from stored plasma clots more eas^l 3 ^ 

Effect of heparin on aged thawed plas7na {fig. S, 4 and 5). A constant concen- 
tration of heparin was used in each series of tests. Two different concentrations 
are shoum here for both the beef and the sheep plasmas. The onset of the clot- 
ting was delajmd in all instances and the delaj’’ became progressive!}’’ gi’eater as 
the plasma aged. The latent period is thus a summation of the aging effect and 
the inhibition caused b}’’ heparin (cf. fig. 2). 

In all tests where heparinized and unheparinized plasma were tested simultane- 
ouslj’’, the final density of clots formed in the presence of heparin became greater. 
As the plasma aged the final clot density in the presence of heparin became less 
but in most cases was still greater than that of the unaged control plasma. Ex- 
periment 62, figure 5, shows a case with sheep plasma where aging at last resulted 
in a final density less than that of the original plasma. 

Effect of graded concentrations of heparin {fig. 6, 7 and 8). The tests in experi- 
ments 57 and 69, figures 6 and 8, were made as soon after thawing as possible. 
Since only two tests could be run simultaneous!}’’, varying lengths of time neces- 
sarily elapsed before the entire range could be covered. The aging factor has 
but a small influence on these results as may be concluded by comparing the 
curves with those of figures 2 to 5 and may be neglected in the interpretations. 
Nevertheless, the actual plasma ages at the time the tests were started have been 
indicated on the charts. 

Figure 6 shows the reaction of a composite beef plasma to concentrations of 
heparin ranging from 4 to 10 gammas per tube (that is, per 1.5 cc. of plasma). 
The latent period is progressively prolonged and the maximum rate of clotting 
has become diminished. However, Avhen the effect is plotted against the log of 
time, the steepest portions of the curves are seen to be nearly parallel ’W’ith all but 
the highest concentration of heparin. The curves show that there is a progres- 
sive increase in the final clot density as the dose of heparin is increased until a 
concentration between 8 and 10 gammas is reached. 

Figure 7 shows curves of a sample of beef plasma tested after it had aged about 
three hours. The results were the same as those in figure 6 except for the much 
lower range of heparin concentration. The markedly different heparin require- 
ment is attributed to plasma variation (the plasma was collected in winter). 

In figure 8 results on sheep plasma are given. The curves are quite comparable 
to those for beef plasma, for as the dose of heparin is increased the ultimate 
density of the clot increases imtil a critical concentration is reached where the 
plasma rapidly fails to clot. In the coagulation period the cmwes are all parallel 
in their steepest portions except for the one with the highest dose of heparin. 
The increased final density was particularly marked Avith 12 and 16 gammas of 
heparin, the proportionate increase being greater than Avith beef plasma and even 
greater than usually encountered AAdth sheep plasma. The plasma AA’as a summer 
specimen. 
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DISCUSSION 

It is now apparent that an assay teclinique for heparin in which density-time 
clotting curves were to be established would not be practical. The chief reason 
for the lack of adaptabilit}'’ is the change in the coagulatioa characteristics as the 
plasma ages after thawing. As a means of reading the end-point in an assay by 
conventional techniques, the electrophotometer may be of use. At least the end- 
point would be purely objective and not subject to the personal errors of visual 
observation in the interpretation of the degree of clotting. Since the dose-effect 
curve is very steep (4), it is questionable whether in practical assaj'' work the use 
of the electrophotometer would add significant!}’' to the acciuacy of the result. 
A study of this is planned however. 

These studies have clearl}'- shoum the effect of heparin and aging of the plasma 
in modifying the character of the time-density clotting curve. Aging results in 
a decrease in the density of the clot and heparin within limits increases its density. 
Both aging and heparin tend to prolong the latent period. The rate of coagula- 
tion is decreased by heparin, but the charts show that the steepest portions of the 
curves are approximately parallel so the rate of fibrin formation is a constant 
function of the log of time up to the point where the plasma rapidly becomes 
incoagulable. 

The explanation for effect of heparin, in increasing the density of the ultimate 
clot, must lie in the rate of formation of fibrin. Slow formation of the fibrin 
fibers results in growth to a larger size and is analogous to the precipitation and 
growth of crystals from solutions of crystalloidal substances. Rapid formation 
of particles, whether crystalloidal or colloidal in nature, results in their being 
smaller and more highly dispersed. Heparin controls the concentration of one 
of the two factors of the second stage of the clotting reaction. By keeping 
thrombin at a Ioav concentration, the conversion of fibrinogen molecules is induced 
to proceed more slowly and to go to a degree of greater particle size and, hence, 
greater optical density. Howell (12) observed in the ultramicroscope that rapid 
clotting gave fine needles of fibrin and that slow clotting gave large needles. 
Wolpers and Ruska (13) in studies 'with the electron microscope employed heparin 
to slow the rate of clotting and allow the growth of larger fibers. Indirect evi- 
dence has been obtained in, as yet, incomplete experiments for attributing the 
density to increased particle size. Clots were subjected to high speed centrifu- 
gation (about 18,000 G), dried and weighed. In the heparin concentration range, 
where optical density was increasing, the clots became lighter in weight. 

The question of the gradual increase in optical density of the ultimate clot 
during the condensation period has already been discussed. 

SUMMARY 

1. The changes in optical density taking place in the clotting of plasma were 
followed with an electrophotometer. The plasma employed had been kept 
frozen for several months. 

2 The optical density of clotted beef plasma is about three times as great as 
that of clotted sheep plasma. 
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3. As the plasmas age after thawing there is a delay in the onset of coagulation 
(latent period), a slightly slower rate of coagulation and a final clot of diminished 
density. After the phase of rapid coagulation (coagulation period) is completed 
the optical density of the clots continues to increase (condensation period), 
probably reflecting a physical change in the fibrin. 

4. Heparin in all doses prolongs the latent period. 

5. With the lower concentrations of heparin the coagulation period is prolonged • 
but the logarithm of the rate of fibrin formation is constant. 

6. With the lower concentrations of heparin the final optical density of the clot 
becomes progressively greater as the concentration increases. With the higher 
concentrations of heparin the plasma becomes rapidly incoagulable. 

7. The optical density continues to increase for many hours during the con- 
densation period. 
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Bilateral cervical vagotomy results, in several species of animal, in pulmonary 
edema. Various workers, recently Lorber (1), have shown that obstruction to 
the airway by laryngeal paralysis and accumulation of tracheal secretions plays a 
large part in the pathogenesis of edema foUo-wing vagotomy. They found that if 
a free airway is maintained lung edema does not occur. On the other hand, 
Farber (2) has reported the results of experiments in which guinea pigs were 
maintained on artificial positive pressure respiration after tracheal cannulation. 
He found in such animals that fatal lung edema occurred in three and one-half to 
four hours if bilateral cervical vagotomy had been performed, while animals with 
intact va^ showed only congestion after five hours. He interpreted his findings 
to mean that “disturbances to the vasomotor control of the pulmonary vessels . . . 
lead to the production of severe pulmonary edema and hemorrhage.” 

Since the studies of Daly (3) and others show only slight evidences of pulmo- 
nary vasomotor activity in vagal fibers it seems imlikely that the above con- 
clusion is correct. For this and other reasons it was decided to study further the 
factors involved in lung edema following vagotomy in the guinea pig. As a first 
step the experiments of Farber were repeated. This paper is a report on the 
observations made. 


METHODS 

Adult guinea pigs of both sexes were employed. They were anesthetized with 
intraperitoneal nembutal, 3.0 mgm. per 100 grams. Ai’tificial respiration by 
positive pressure tracheal cannula insufflation was maintained throughout. Two 
animals, one with cervical vagotomy and one a control, w^ere studied simultane- 
ously on the same respiration pump. The pressure of insufflation was varied in 
different experiments. Expiration was passive, at atmospheric pressure. All 
animals were killed by bleeding from both cut carotids. To obtain constancy of 
conditions for study of the lungs the lungs were not removed until bleeding had 
ceased with the hind legs elevated. Because no accurate chemical method of 
assay of pulmonary edema has been developed the state of the limgs w^as assessed 
by gross and microscopic e.xamination. The following index w'as used to grade 
the gross lesions: 

Grade 1. Slight deepening of the normal pink. 

Grade 2. Moderate generalized red discoloration. 

Grade 3. Deep red congestion of the lungs but no frothy fluid in the trachea or 
dripping from the lung surface. 

* /tided by a grant from the National Foundation for Infantile Paralysis, Inc. 
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Grade 4. Frothy serosanguinoiis fluid in tlie tracliea, bloody fluid dripping from 
r’ ^ considerable normal lung remaining. 

Crracfe 5. Bilateral complete involvement with extremely wet deeply hemor- 
rhagic lungs. 


TABLE 1 


INTACT VAGI GROUP 

VAGOTOmZED GROUP 

Weight Sex 

Duration Hours 

Index of 
Lung 
Pathology 

Weight Sex 

Duration Hours 

Index of 
Lung 
Pathology 

322 M 
260 M 
350 M 
270 M 
265 F 
510 M 
530 F 
407 M 
720 M 
668 F 
794 M 

4 KO 

5 KO 

5 KO 

5 KO 

7| KO 

10 KO 

5 K 

5 K 

12 K 

14 K 

25 K 

1 

1 

2 

1 

3 

1 

1 

1 

1 

1 

3 

250 M 
240 M 
245 F 
366 M 

1 520 F 
850 M 
510 F 
611 M 
650 M 
1000 M 
774 M 

7 KO 

11 KO 

7i KO 

9 KO 

9J KO 

9§ KO . I 

9 KO 

5 K 

12 K 

14 K 

25 K 

2 

3 

2 

3 

3 

2 

2 

1 

2 

2 

3 

Mean Index — 1.5 

hlean Index — 2.2 


K — Killed. 

0 — Open chest experiment. 


TABLE 2 

Respirator pressure 20 mra. Hg 

intact vagi GRODP I VACOTOMIZED CROUP 


Weight Sex 

Duration Hours 

Index of 
Lung 
Pathology 

Weight Sex 

Duration Hours 

Index of 
Lung 
Pathology 

354 

M 

1 3^ 

K 

4 

367 

M 

3 

K 

4 

460 

M 

5 

K 

1 

5 

456 

M 

5 

K 

4 

575 

F 

5 

K 

5 

459 

M 

5 

K 

4 

515 

M 

6 

K 

5 

852 

M 

6 

K 

4 


Mean Index — 4.7 Mean Index — 4 

K — Killed. 


RESULTS 

In Table 1 appear the results of 11 pairs of experiments in which guinea pigs 
were maintained on 6 mm. Hg positive pi'essure insufflation for periods ranging 
from 4 to 25 hours. It may be noted that in no instance was pulmonary edema 
observed. The mean index of lung pathology was slightly higher in the vagoto- 
mized than in the control gi’oup, but the former were maintained longer on arti- 
cial respiration before sacrifice in 6 of the 11 cases. The important point seems 
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to be that congestion was the maximimi lesion seen, even in vagotomized animals, 
after as much as 25 hours of artificial respiration at 6 mm. Hg pressure. 

On the other hand, as may be seen in table 2, when 20 mm. Hg pressure was 
employed in the artificial respiration an entirely different pictine is foimd. In 
fom- pairs of experiments every animal showed massive edema within from 3 to 6 
hours. In this series it may be noted that the mean index of lung pathologj'' is 
lower in the vagotomized group. 

It will be noted that in certain experiments in table 1 it is indicated that the 
chest was open. No remarkable difference was seen as a result of this maneuver. 
Microscopic studies were made on representative samples of lung tissues from 
these experiments.- The results will not be reported in detail because they 
merely confirm the gross observations in the case of the more severe two grades of 
pathology. The less severe changes seen grossly cannot be accurately dis- 
tinguished in microscopic section. 

DISCUSSION 

These studies show that pulmonary edema does not occur either in the intact or 
the vagotomized guinea pig under artificial respiration, when the pressure used is 
6 mm. Hg within periods of from 5 to 25 hours. Such edema does occur, however, 
within 5 hours in both intact and vagotomized animals when the pressure of in- 
sufflation is 20 mm. Hg. The earlier studies cited reporting such edema probably 
dealt with pressures in the latter range, although no mention was made of pressure 
conditions in the report. The present studies do not account for the reported 
differences between intact and vagotomized guinea pigs. A systematic difference 
in experimental and control animals could if it occurred, account for Farber’s 
results. It is also possible that different results might be obtained at pressures 
intermediate between the two employed in the present study. 

The present results seem to show quite clearly that pressure factors are critical 
for pulmonary edema formation in the guinea pig imder artificial respiration. 
Furthermore, they show that under at least one pressure condition under which 
lung edema occurs regularly, it is not augmented by vagotomy. It seems very 
doubtful that vagotomy exerts any important specific effect upon the suscepti- 
bility of the limg vessels to edema or hemorrhage, although secondary effects 
mediated through Imown vagal actions on the heart, the bore of the bronchial 
tree, or on the reflex control of respiration, are not impossible nor even unlikely. 

The observations reported at this time appear to be significant also in showing 
that in the guinea pig, as in the dog (4), positive pressure respiration does not 
prevent the development of lung edema under certain conditions. It should not^ 
however, be concluded that under other conditions positive pressure maj"- not 
impede edema formation. It is not impossible that extreme, prolonged positive 
pressure breathing may induce such a degree of cardiac failure as to raise left 
atrial and pulmonary venous pressures to very high values, thus inducing pulmo- 
nary edema. This possibility is at present being tested. 

= The authors are indebted to Mr. James Weiss for preparation of the microscopic sec- 
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SUMMARY 

1. Neither intact nor vagotomized guinea pigs developed pulmonary edema 
when maintained on artificial respiration at 6 mm. Hg insuflSation pressure. 
Both intact and vagotomized animals developed massive edema within 6 hours 
when the insufflation pressure was raised to 20 mm. Hg. 

2. Under the conditions of these experiments there is no evidence that va- 
gotomy exerts an influence on the pulmonary vascular s 3 ’-stem favoring edema or 
hemorrhage. 
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Several reports have indicated that the central and antonomic nervous systems 
may be implicated in the production of some types of paroxysmal pulmonary 
edema (1-6). Thus Luisada (1) has claimed that in rabbits pulmonary edema 
of a reflex nature may be produced experimentally by inducing hypertension in 
the isolated head. Further, cases of paroxysmal pulmonary edema have been 
reported to have occurred following cranial injury (7). Our interest in the 
mechanism of the blood pressure changes occurring during increased intracranial 
pressure (8) made it appear of value to study the mechanism of the pulmonary 
edema wliich reportedly occurred under these conditions. For this purpose, we 
employed increased intracranial pressure •which, while directly affecting the 
higher nervous centers, at the same time causes an increased load upon the left 
ventricle due to resulting elevated systemic arterial pressure. 

METHODS 

Dogs were anesthetized with pentobarbital sodimn (25 mgm./lcgm.). Arterial 
and intracranial pressures were measured with mercury manometers. Intra- 
cranial pressure was raised by means of a saline reservoir connected through a 
trephine hole in the skull, the underlying dura mater having been removed. We 
at-tempted to maintain the intracranial press'ure at such a level that the resulting 
arterial pressure rise would be maximal, without producing acute failure of the 
left ventricle. Under these circumstances the factor limiting survival of the 
animal was the failure of respiration which always occurred before dynamic 
impairment of cardiac function was detected. Because of this tendency of 
increased intracranial pressure to cause respiratory arrest, the intracranial 
pressure was applied intermittently and its level was varied with the condition 
of the animal. Respiration was spontaneous (except as noted below), positive 
blast artificial respiration being avoided as an unfavorable factor for the produc- 
tion of pulmonary edema. 


RESULTS 

In two of our early experiments in which increased intracranial pressures of 
from 20 to 138 mm. of Hg had been maintained intermittently for periods 
totalling about 71 minutes, the lungs were full of a copious, thin, white, frothy 
fluid present in the air passages as far dorni as the dissecting scissors could reach 

J Aided by the A. D. Nast Fund for Cardiovascular Research. The Department is 
supported in part by the Michael Reese Research Foundation. 
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and expressible from the cut surface of the lung. The picture grossly was that 
of massive pulmonary edema. However, we noted that after application of the 
increased intracranial pressure, many of the animals tended to produce consider- 
able amounts of saliva, and the possibility that this saliva might be a contri- 
buting factor in the production of this picture had to be excluded. Accordingly, 
the experiments were repeated in nine dogs in which tracheotomy was performed 
so as to prevent saliva from passing down the trachea into the lungs. Some of 
the animals were maintained during the experiment Avith the head slightly 
dependent. Taa'o of the animals in this group had the chest opened and received 
positive blast respiration AA'hich permitted the application of intracranial pres- 
sures up to levels (over 300 mm. Hg) aboAm that Avhich the arterial pressure 
could attain. One other animal I’eceiAmd positive blast respiration AAUth the 
chest closed. The other six animals breathed naturally. In none of these 
animals aa^s there any cAodence of pulmonaiy edema. 

Microscopic examination of the lungs of the tA\m original dogs AAuthout tracheal 
cannulae, AA'hich had shoAAmd fluid in the air passages, revealed bronchopneu- 
monia in one dog and anthracosis in the other. No true pulmonary edema AAms 
present in either case. 


DISCUSSION 

Short (9) has already pointed out that the aspiration of stomach contents and 
the accumulation of tracheal and bronchial secretions leading to sIoav asphyxia 
may result in the development of pulmonaiy edema. It is apparent that the 
increased intracranial pressure as produced in our experiments did not produce 
pulmonary edema. HoAA^ever, our experience serves to shoAV that a picture 
grossly resembling pulmonaiy edema may be produced by the aspiration o 
saliva. Our experience serves to question Avhether previous attempts to pro uce 
pulmonary edema by increasing intracranial pressure AA’^ere successful or AA^ere 
due to artefact resulting from the aspiration of saliva. 
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A long-term cytological stud}^ of the canine hypophysis is being made with 
special attention directed to the tissue remaining after graded hypophysectomy 
procedures (1, 2). It is suspected that such an approach, when correlated with 
the careful assaying of the functional deficits produced in the animals, will yield 
information relative to the association of function with specific anatomical ele- 
ments that perhaps has not hitherto been attained. 

The present report summarizes the findings Avith respect to sex functions in a 
group of nine dogs in AA’hich the hypophysial stalk tissue was surgically removed 
Avith a sparing of Amying amounts of the distal portion of the pars anterior as 
illustrated in the diagram and photograph shoAvn in figure 1. 

AUTERIALS AND METHODS 

Animals. There Avere one male and eight female mongrel dogs of medium size 
used in this series. At the time of operation five animals Avere sexually mature, 
AA’hile the others AA'ere ‘senior’ pups. The animals AA^ere alloAved to exist for 
periods of time ranging from 8 to 19 months. 

Operative procedure. After the right lateral aspects of the hypophj’-sis, the 
stalk, and the hypothalamus Avere exposed by the subtemporal approach, as 
previously described (1), the stalk tissue AA'as removed in one of the folloAAung 
two AA'a 3 '^s. 

In the first part of the series the stalk AA’^as cut distally AAuth one snip of the 
scissors in such a manner that an appreciable rim of pars anterior tissue remained 
attached to the stalk tissue (see line 2, figure lA). A small metal disc Avas then 
placed against the cut surface of the isolated hypophysial tissue to protect it from 
the heat of the cauterization probe. The stalk tissue AARich remained attached 
to the hj'pothalamus A\^as then cauterized. 

This method A\’as soon discarded because of 1 ) the uncertainty of deAutalizing 
all the stalk tissue and 2) the frequent encroachment upon the tuberal portion of 
the hypothalamus. Instead, as an alternative procedure, the stalk Avas cut AAdth 
the scissors as close to the hj^pothalamus as possible (see line 1, figure lA), and 
a second cut AA’as made through the proximal portion of the pars anterior (see 
line 2, figure 1 A). The tissue freed by’- the tAA’o incisions Avas removed as a surgical 
specimen and stored in formalin for reference. This procedure prevented 
encioachment upon the hypothalamus, as aa’cII as leaAung no more than a remnant 
of the proximal stalk attached to it. 

' Aided by a grant from the John and Mary R. Markle Foundation. 
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Tissue. At autopsy the brain was removed from the floor of the skull and 
sella turcica in such a manner that the meninges, connective tissue, and hypo- 
phj'sial fragments i-emained in situ on its under sui’face. 

Follo^Ying fixation of the hypophysio-hypothalamic block in Zenkerformol and 
a subsequent period in 10 per cent formalin, the tissues were sectioned at 6 micra. 
An interrupted series (one section from each 20) was stained bj’' the INIalloiy azan 
method. Another series was subjected to the copper chrome hematox 3 din of 
Rasmussen (3). The latter stain is con-sidei-ed as specific for the acidophilic 
cells of the anterior lobe. Hansen’s chromalum hematoxylin, as mentioned bj'’ 
Dawson (4), nas used as a selective stain for the basophilic cells, but was not 
used for the whole series, since it was considered to have no distinct advantage 
over the Mallory azan method. 


RESULTS 

Accomplishment of operative objective. The hjqrophj^sial stalk tissue, with the 
exceptioir of small fragments of proximal tuberalis and infundibulum which 
remained attached to the hjqrothalamus, was removed in all instances. This 
desired effect was accomplished at the expense of considerable encroachment 
upon the proximal pars anterior tissue and resulted in varying amounts of the 
distal pars anterior remaining viable. There was slight infringement upon the 
hj^pothalamus in two of the dogs, while in the others microscopic inspection 
revealed the hj^rothalamus to be undisturbed. A photomicrogi’aph of a section 
taken from the series on dog' f is shown in figure IB. _ • j- 

Retention of sex function. Completelj’’ noi’mal sex functions were letaine in 
dogs 1 (female) and 2 (male), as shonm bj'' the female’s whelping and rearing a 
litter of five puppies which Avere sired by the male. Sex functions AAere a so 
retained in dogs 3, .tf, 5, and 6, as judged bj'' the fact that autopsj’’ reveale ^ 
tracts of normal size and serial sections of the oA'aries demonstrate tiat e 
numbers and structure of the follicles AA'ere AAnthin normal limits. Regiessrng 
corpora lutea AA'ere obserA’^ed in these sections in dogs 3, 1) .,6, and 6. 

Dog 1 AA'as sexuallj'' mature at the time of operation. The first postopeia ue 
estrus period occurred in the fifth month during AAdiich she copulate aai i a 
normal male scA’^eral times, and nine AA'eeks later AA'helped one pup. Estrus nas 
again manifested six months later, but she AA'as not mated. In the thn es ri^ 
period, AAdiich occurred six months later, she was mated AAdth dog 2 an aa le pe 

a litter of fiA’^e pups. . , 

Approximate^’- the distal half of the par's anterior Avas found to have remamec 
A'^iable AA'hen the animal Avas terminated 19 months after the operation, ims is 
shoAvn in the photograph in figure IB. Histologically the sections s ioaac a 
normal complement of acidophiles, basophiles and chromophobe cel s. re 
chromophilic cells AA'ere Avell granulated, and the arrangement of the cells m t e 
sti-ucture of the cords did not deAuate markedly from the normal. These featui es 
are illustrated in the photomicrograph shoAA’n in figure 2A. 

Dog 2 AA'as judged to be approximateh’' three-fourths groAA'n and AA'as sexua y 
immature at the time of operation. Subsequentlj' he matured, AAdthout anj 
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suspicion of delay, and exhibited a persistent hyperactive sex drive. At autopsj^G 
months after operation, approximately the distal half of the paiS" aiiteiioi 
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Fig, 1A. Diagrammatic representation of a sagittal section through the hypophy- 
sis and hypothalamus to illustrate the levels of section and the amount of tissue removed as 
a surgical specimen. 

Fig. IB. Loiv power photomicrograph of a section of the hypophysis and hypothalamus 
taken from the series on dog 1 . Optic chiasma is located to upper left of figure. Note that a 
fibrous layer is interposed between the infundibulum that remains and the distal hypophy- 
sial tissue. The cleft which separates the pars anterior from the pars intermedia and the 
remnant of the pars nervosa is clearly evident. Note particularly- that no pars tuberalis 
tissue remains. 


Fig. 2A. High poiver photomicrograph of pars anterior of dog 1 to illustrate presence 
of acidophiles (dark cells); basophilcs (dark gray cells); and chromophobes (lighter and 
smaller cells). Heidenhain azan method of staining. 

Fig. 2B. Photomicrograph at same , magnification as 2 A taken from a portion of the 
pars anterior remnant of dog 3. A decrease in the granules in both the acidophiles and 
basophiles is noted. Heidenhain azan method of staining. 

remained intact and acidophiles, basophiles and chromophobe cells were well 
represented in the glandular tissue. The only deviation from a normal appear- 
ance was that the arrangement of the cells tended more to a diffuse pattern with 
slightly enlarged sinusoids intervening between the cords of cells. 
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Dog S AVBs an immature female which developed to sexual maturity post- 
operatively; however this development was definitely delayed (see fig. 3A). 
Necropsy performed Ui months after operation revealed that the amount of pars 
anterior tissue remaining constituted about one sixth of the original total volume. 
Although some fully granulated cells were visilrle, a majority of the basophiles 
were found to be partially or totally dcgranulated,- A .slight reduction in the 
number of acidophiles had occurred. 



■iSDSoSj 

Fig. 3A. Photograph of the ovaries and genital tr.act of dog 3 which demonstrates 
complete development subsequent, to the stalk removal procedure. ^ 

Fig. 3B. Photograph of ovaries and genital tract of dog 8 which demonstrates le 
complete failure in development subsequent to the stalk removal procedure. ' 

Gross inspection of the anterior lobe tissue in dogs 4 and 5 showed that practi- 
cally the entire pars anterior had persisted following the stalk removal proceduie. 
The postoperative periods for these tAvo dogs Avere 9 and 8 months, respectively. 
These tissues gaArn histological eAudence of a slight reduction in the numbeis o 
basophile cells AA'hen compared to normal anterior lobe tissue. The acidophiles 

- The appearance of the basophiles described above may be correlated, in part, vith the 
findings of R. Gregory and G. A. Drager, Federation Proc. 6: 116, 1947, in which they re 
ported that the basophiles increased in size and became degranulated following tota pan 
createctomy. This dog survived total pancreatectomy four weeks. 
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were numerous and well granulated. Chromophobic cells did not appear to 
de^date from those seen in normal tissue. 

The female dog 6 was retained for 10 months following tlie hypophysial stalk 
removal procedure and at the time of termination showed that approximately 
one third of the normal amount of anterior lobe tissue had remained distally. 
Its microscopic appearance was such that the cell population did not vary notice- 
ably from similar fields seen in an intact gland. Basophiles, filled with granules, 
were common in all fields and acidophilic cells were numerous and well granu- 
lated. No change could be noted in the number or character of the chromophobe 
cells. 

Failure of development of or regression of sex organs. Of the remaining three 
females, dog 7 was sexually mature at operation, and necropsy eight months later 
showed regression of all sex organs. The other two, dogs S and 9, were sexually 
immature at the time of the hj^pophysectomy procedure, and retained infantile 
reproductive systems throughout the postoperative period of 10 months (see 
fig. 3B). The quantit}'’ of anterior lobe tissue viable at autopsy and later verified 
by microscopic observation revealed an almost total absence of granulated baso- 
philes as well as a marked reduction in the partially granular and agranular 
stages of this cell type. Although fully developed acidophiles were present, 
there was a definite reduction in their number. Chromophobe cells predomi- 
nated in all areas of the viable gland tissue, and their appearance Avas compatible 
with those seen in an intact gland. 


DISCUSSION 

The relation of the size of the isolated pars anierior remnant to the retention of sex 
functions. It is a common, and correct, practice to relate basal, reserve and 
remnantal endocrine functions with 1) the amount of a particular gland tissue 
which can be removed experimentally without producing a demonstrable deficit 
and 2) the over-all size of a tissue remnant u'hich is able to prevent an extirpation 
deficit from being total. All of the endocrine glands that have been examined 
according to these criteria have been found to have tremendous reserves in terms 
of tissue mass. It also has been demonstrated that the smallest anatomical 
remnant must not be ignored when a total deficit is being assaj'^ed. The ivork of 
Smith on rats (5) gives ample evidence that these criteria obtain between gonado- 
tropic function and the pars anterior tissue of the adenohypophysis. 

It nevertheless cannot be assumed that the mere presence of a large viable 
tissue remnant ensures continuance of function. That a large pars anterior 
tissue mass may be rdable while at the same time be non-functional, AAuth respect 
to its control over sex functions, is well-illustrated in dogs 7 and 8 of this series. 
I)og 7 failed to develop sexually in spite of the fact that it had about as much 
recognizable viable pars anterior tissue as dog 2 and more than did dog 3. In 
other words, in terms of the estimation of relative size, as judged by inspection of 
representative serial sections stained by a non-differential stain, such as cresyl 
violet, one would have expected the same functional results for both dogs 2 and 7. 
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In the presence of a deficit, it is accordingly relatively futile to speak in terras of 
weight or estimated size of a viable remnant of pars anterior tissue. 

Relation of the specific cytology of the isolated pars anterior tissue to the retention of 
sex functions. The cytology of the mammalian pituitary has been subjected to 
critical analyses, associated vith indirect functional studies, by numerous investi- 
gators in the attempt to correlate a specific function to specific anatomical cells. 
As a result, gonadotropic hormone production has long been believed to be a 
specific function of the basophiles found in the para anterior component of the 
adenoh 3 T)oph 3 ''sis. In the present studies, the cjdology of the viable isolated 
pars anterior tissue did not devdate markedly from the normal in those animals in 
which sex functions were retained. In those in which sex deficits were in evi- 
dence, the cytologj’' of the basophiles deviated considerably from the normal. 
Accordingly, our results are entirely compatible ^vith the accepted view 
that the basophiles are the cells w'hich elaborate the gonadotropic principles 
(Severinghaus, 6; Heinbecker and Rolf, 7; Dawson, 8). 

Independence of the pars anterior from any possible direct hypothalamic influence. 
It is apparent from this series of animals that normal sex functions may be re- 
tained in the dog following isolation of a distal portion of the pars anterior from 
any possible direct hiTJOthalamic influence. These findings are in accord with 
those presented by Keller and Hamilton in dogs (9), Brooks and Lambert in 
male rabbits (10), Dempsey in guinea pigs (11) and Dempsey and Uotila in rats 
(12). Our present experiments, other than being made on dogs rather than on 
rodents, are distinctive onlj*' in extending the foregoing observations pertaimng 
to stalk section to those following complete isolation of a distal portion o^ t e pars 
anterior. In this respect they are somewhat equivalent to the experiments ot 
Creep in rats (13). It of necessity follows that interference m sex unc ion 
following stalk section procedures or by hypothalamic lesions must e ue o a 
factor or factors other than to the interruption of an essential diiect ypo a amic 
innervation of the pars anterior. 


SUMMARY 

The distal portion of the pars anterior w^as isolated by the surpcal procedure 
of removing the hypophysial stalk tissue and the proximal portion o e pa 

anterior in nine dogs. ' ,, , v • 

Sexual functions remained completely intact in two dogs as evi ence y 
ability to reproduce. When judged by gross and histological stu les, re 
and genital tracts remained normal in four others of the group, n e i 
remaining dogs the ovaries and genital tracts, as revealed by histological stuaies, 

were markedly atrophied. , j • f fViA 

There was no correlation between retention of sex functions an e ° 
isolated mass of para anterior tissue remaining. Two of the dogs, in w^ ic i 
was obvious sex regression, had as much and in instances more via e p 
anterior tissue remaining than did the dogs which retained sex functions. 

There was a definite correlation between retention of sex functions an 
cytology of the isolated pars anterior remnant. In those instances w lere unc 
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tional deficits were demonstrated, both the basophiles and acidophiles were 
reduced in numbers and the basophiles which were present did not stain normally. 
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In these experiments eviscerated and adrenalectomi zed-eviscerated rats were 
given continuous intravenous infusions of glucose with and without insulin for 
periods of 4 and 24 hours. At the end of 4 hours the average values for blood 
glucose were significantly lower in the adrenalectomized than in the non-adrenal- 
ectomized series at each glucose load and insulin dose. Within the 24-hour 
period the adrenalectomized animals removed glucose from the blood more 
rapidly than nonadrenalectomized animals when little or no insulin was given 
and the glucose loads remained low. YTien the comparisons were made at higher 
levels of insulin dosage and of glucose load the order of tolerance was reversed in 
that the adrenalectomized animals had higher average terminal values for blood 
glucose than the non-adrenalectomized rats. 


METHODS 

Male rats of the Sprague-Dawley strain were fed.Friskies Dog Cubes. At a 
weight of 185 to 205 grams, the inferior vena cava was ligated between the liver 
and kidneys in order to cause the development of a collateral ciicu ation. 
was preserved in this operation. YOren the animals leacie a weig o 
(±2) grams they were anesthetized (intraperitoneal injection o mgm. 
cvclopentenyl-allyl-barbituric acid sodium) and eviscerate y e proce ure 
of Ingle and Griffith (1). ■ The adrenal glands were ligated and removed m t 
same operation. Hemostasis was attained by applying a ge atm sponge 
foam, Upjohn) saturated vdth a solution of thrombin to tie s umps o 
oesophagus, colon, ligated vessels and between the muscle an t e s m u e 

incisions were closed. , ,. _ 

Intravenous injections of solutions containing 0.9 pei cen ^ rUVinnt 
and varying concentrations of glucose (C.P. Dextrose, ere ) lyi an v , . 
crystalline zinc insulin (Lilly) were made by two continuous m]ection machmes 
which delivered fluid from each syringe at the rate of 20 cc. m , 

glucose load is expressed as milligrams of glucose per 100 ^ams o ra pei 
(mgm/IOO/h) . Syringes of the Luer-Lok type (Becton-Dickmson) were selected 
to deliver 20 cc. with a stroke of 65 mm. Six syringes were operated by eac 
machine. The machines were powered by synchronous motois, an ® 
tion of motion was achieved by a precision-built system o gears w ic exac 

controlled the rate of injection. _ • i j. u- n i on /I 

The infusions were made into the saphenous vein of the iigi m eg 
were started within five minutes following the removal of the liver. e amma 
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were secured in a supine position on an animal board and were enclosed in a 
cabinet with the temperature constant at 2G.5 (dbO.5) degrees C. The tempera- 
ture of the room was maintained at 74 to 78 degrees F . and the humidity at 30 to 
35 per cent of saturation. The more rigid control of temperature has decreased 
the variability of results and has slightly increased the tolerance for glucose over 
average values reported earlier (2). As the temperature rises, the insulin sensi- 
tivity of the animal is increased. A change of as little as one degree C. 
significantly changes the glucose requirement of the insulin-treated eviscerate 
rat. A complete control of temperature and humidity would be desirable. 

The analyses of blood glucose were made by the method of Miller and Van 
Slyke (4). In addition to glucose, this method measures small amounts of non- 
fermentable reducing substances which accumulate in the blood of eviscerate 
rats. Samples of blood were taken from the jugular vein at the end of 4 hours of 



Fig. 1. Average values for blood glucose at the end of 4 hours of continuous intra- • 
venous infusion. Eviscerated rats (B) and adrenalectomized-eviscerated (H) rats. 

Fig. 2. Average values for blood glucose at the end of 24 hours of continuous in- 
travenous infusion. 

infusion in experiment 1 and at the end of 24 hours of infusion in experiment 2. 
The urine was tested for glucose at the end of each experiment but was negative 
(less than 40 mgm. reducing substances) for each animal. 

EXPERIMENTS AND RESULTS 

In experiment 1 (fig. 1) 4 gi'oups of rats having 20 pairs of rats in each group 
were infused with glucose for a period of 4 hours. One rat of each pair was 
adrenalectomized. The first group was given a glucose load of 14/100 /h. without 
insulin; the second gi-oup was given a glucose load of 26/100/h. with insulin at 
the rate of 0.25 units per 24 hours per rat; the third group was given a glucose 
load of 36/100/h. with insulin at the rate of 0.5 units per 24 hours per rat; and 
the fourth group was given a glucose load of 72/100/h. with insulin at the rate of 
4 units per 24 hours per rat. In each group the average level of blood glucose 
at the end of 4 hours was significantly lower in the adrenalectomized as compared 
to the non-adrenalectomized animals. 
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In experiment 2 (fig. 2) the tolerance for glucose was determined over a 24-hour 
period. Twelve pairs of rats were tested in each gi-oup. Three groups of rats 
vuthout insulin were studied at glucose loads of 6, 8 and 12/100/h.; at an insulin 
dose of 0.25 units 3 groups of rats were tested at 12, 16 and 20/100/h.; at an 
insulin dose of 0.5 units 3 gi-oups of rats were tested at 20, 24 and 32/100/h.; 
at an insulin dose of 1.0 units 4 groups of rats were tested at 28, 32, 40 and 
44/100/h.; and at an insulin dose of 4 units 3 groups of rats were tested at 36, 
40 and 44/100/h. 

In eviscerated rats without insulin and at a dose of 0.25 units of insulin the 
adrenalectomized rat removed glucose from its blood at a more rapid rate than 
did the non-adrenalectomized rats as indicated by the significantly lower terminal 
averages for blood glucose. At higher insulin dosages the average values for 
blood glucose in the adrenalectomized rats remained lower when the glucose 
loads were relatively low for that insulin dose. At glucose loads of 40 and 
44/100/11. the adrenalectomized animals showed higher average rises in blood 
glucose than the non-adrenalectomized animals. 


DISCUSSION 

This study provides additional evidence that the adrenal cortical hormones 
affect carbohydrate metabolism in the absence of the liver. Russell (6) and 
Roberts (5) have each observed that adrenalectomy accelerates the rate at whic i 
glucose disappears from the blood of the eviscerated rat. In an eariiei stu y 
from this laboratory (2) it was shown that vdthin a 24-hour period t e a minis i a- 
tion of large amounts of adrenal cortex extract definitely depresse e o erance 
for glucose in those rats which received insulin. In the a sence o insu m 
effect of adrenal cortex extract upon glucose tolerance ivas ei ler a 
questionable. For this reason it was anticipated that the e ec o a rena e 
would be the greatest in those animals- which were treated with insulin 
contrary was true for the greatest effect of adrenalectomj^ipon g ucose ® 
occurred in animals which received little or no insulin. le ° 
zation of these apparently paradoxical results is offered vut ou le assu 

that it is the only possible explanation. . v , , u-r -fiio 

The utilization (storage, oxidation and conveibion) o , 

eviscerated rat ivithout insulin over a 24-hour period is veiy sma , a ou 
of glucose per 100 grams of rat per hour. Possibly tns ot eve , 

utilization is physiologically basal and cannot be inhibited further by age 
as an excess of the adrenal cortical hormones. Glucose uti iza ion co ' 
ever, be shifted in the upward direction by conditions sue as a rena 
insufficiency w’^hich favor increased glucose utilization. n le 
optimal amounts of insulin the inactive eviscerated, rat can uti ize a ou , 

of glucose per 100 grams of rat per hour. Possibly this late o u i iza ion 
be regarded as a physiological ceiling for the inactive e^scera e ra ^ 
cannot be increased by adrenal cortical insufficiency. Fac ois w ic 
inhibition of glucose utilization such as the adrenal cortica ormones 
readib’" manifest their effects upon the ceiling of utilization but no upon 



ADKENAIiECTOMY AND TOLERANCE OF EVISCERATED RAT FOR GLUCOSE 601 

utilization. To continue speculation, whj’- is the utilization of glucose apparently 
less in the adrenalectomized-eviscerated rat when the glucose load is high? This 
may be the result of the comparative inefficiency with which the adrenalectomized 
animal carries out any metabolic process when it is pushed to its physiological 
limit. The adrenalectomized-eviscerated animal is approaching death more 
rapidly than a similar animal which is supplied with the cortical hormones. It is 
not necessary to assume the mdstence of a physiological ceiling for the utilization 
of glucose. It can be postulated that the secondary inefficiencies of the adrenally 
insufficient a nimnl completely mask the more primaiy effect of adrenal cortical 
insufficiency at high glucose loads. An analogical situation obtains in respect 
to the ability of the adrenalectomized dog to excrete sodium and chloride. At 
the usual levels of sodium chloride intake the adrenalectomized animal excretes 
these ions more rapidly than normal. However, when the intake of sodium 
chloride is increased to the limit of tolerance the ability of the adrenalectomized 
a. T\imfll to excrete the excess of these ions is less than normal (3). 

The above rationalization of the results from the 24-hour tests is weakened by 
the differences in results of the 4-hour and 24-hour tests. The administration of 
large amounts of adrenal cortex extract to the eviscerated rat (2) did not have 
any significant effect ndthin a period of 4 hours whereas the effects of adrenalec- 
tomy were evident in animals at each glucose load either with or without insulin. 
Possibly within a period of 4 hours the major effect of adrenalectomy is to release 
the inhibitory effect of the cortical hormones upon glucose utilization prior to the 
onset of the secondary inefficiency of the adrenalectomized-eviscerated rat which 
develops at a later time as the animal approaches death. 

The results of this study give some support to the conclusion that the effect of 
the adrenal cortex upon carbohydrate utilization is not dependent upon the 
presence of insulin. Although the pancreas has been completely removed from 
the eviscerated rat, it is still possible, however, that some insulin remains in the 
blood and tissues. Our data do not exclude the possibility that in the eviscerated 
rat the effect of cortical hormone deficiency and excess upon the tolerance for 
glucose is based upon the change in the rate of gluconeogenesis in the kidney and 
other extra-hepatic tissues. We recognize the possibility that adrenal medullary 
insufficiency may have been a factor in causing the differences between the 
adrenalectomized and nonadrenalectomized rat. 

SUMMARY 

hlale rats (185-205 gram) of the Sprague-Dawley strain were caused to develop 
a collateral circulation by ligation of the inferior vena cava. At a weight of 
250 ± 2 grams the animals were anesthetized (cyclopal), and all of the intra- 
abdominal organs were removed except the kidneys. The adrenal glands were 
removed in one animal of each pair in the same operation. Infusions into the 
saphenous vein were made by continuous injection machines which delivered 
fluid at the rate of 20 cc. in 24 hours per rat. The level of blood glucose at the 
end of the injection period was the index of glucose tolerance. 

In experiment 1, 4 groups of rats hardng 20 pairs of rats in each group were 
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infused with glucose with and without insulin for a period of 4 hours. One rat 
of each pair was adrenalectomized. At each glucose load with and without 
insulin the average level of blood glucose at the end of 4 hours was significantly 
lower in the adrenalectomized than in the non-adrenalectomized animals. 

In experiment 2 the tolerance for glucose was determined over a 24-hour 
period. Sixteen groups of rats having 12 pairs of animals in each group ivere 
infused with different loads of glucose with and without insulin. Within the 
24-hour period the adrenalectomized animals removed glucose from the blood 
more rapidly than the non-adrenalectomized animals when little or no insulin 
was given and the glucose loads remained low. At the higher levels of insulin 
dosage and glucose loads the order of tolerance was reversed and the adrenalec- 
tomized animals had higher average terminal values for blood glucose than the 
non-adrenalectomized rats. 
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Removal of the adrenal cortex from depancreatized animals results in ameliora- 
tion of the symptoms of diabetes, whereas administration of adrenal cortex 
extracts and Cu-oxygenated cortical steroids cause exacerbation of the symptoms 
of diabetes. Earlier studies (1, 2) on the mechanism of the relationship between 
adrenal cortical function and carbohjrdrate metabolism showed that the reduc- 
. tion of glycosuria follovdng adrenalectomy was accompanied by a decrease in 
urinary nitrogen, whereas the administration of diabetogenic amounts of the 
cortical hormones caused an increased breakdorvn of protein as evidenced by 
increased nitrogen loss. It was postulated that the principal effect of the cortical 
hormones upon organic metabolism was upon gluconeogenesis from protein. 
Subsequent studies (3-6) have indicated that the cortical hormones also affect 
the utilization of carbohydrate. The, utilization of carbohydrate is increased 
by cortical insufficiency and depressed by an excess of the cortical hormones. 

An appraisal of the role of cortical insufficiency in the decrease of, urinaiy 
nitrogen which follows adrenalectomy in the diabetic animal should include the 
two following considerations: a) The diabetic animal characteristically eats 
larger than normal amounts of food and the untreated adrenalectomized. animal 
eats smaller than noimal amounts of food. The change in protein intake must 
be responsible for a part of the change in nitrogen excretion which follows 
adrenalectomy in the diabetic animal. &) Nitrogen loss is characteristically 
higher than normal in the diabetic animal and amelioration of diabetes is followed 
by restoration of a normal nitrogen balance. The possibUity that the decrease 
in nitrogen loss following adrenalectomy in the depancreatized animal is second- 
ary to improvement in glucose utilization deserves consideration. 

In these experiments partially depancreatized rats were given a constant food 
intake by stomach tube. Following adrenalectomy there was a dissociation 
between the changes in urinary glucose and urinary nonprotein nitrogen. The 
decrease in urinary nitrogen was much too small to account for the decrease in 
glj’'cosuria as being due to a decrease in gluconeogenesis from protein. 

J.1ETHODS 

Male rats of the Sprague-Dawley strain which were completely free from in- 
fection were used. The stock diet was Friskies Dog Cubes. At a weight of 
approximate^ 300 gi-ams the animals were partially depancreatized bj’’ the 
method of Ingle and Griffith (7). After diabetes was established all of the 
animals were placed in metabolism cages and were fed a medium cai'bohydrate 
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diet made according to table 1. All of the animals ivere force-fed by stomach 
tube each morning (8:30 to 9:15 A.M.).and afternoon (4:15 to 5:00 p.m.)- The 
techniques and diet were modifications of those described by Reinecke, Ball and 
Samuels (8). During the period of adaptation to forced feeding, the amount of 
diet was increased gradually to prevent the development of ‘food-shock.’ The 
animals were brought to a full feeding of 26 cc. of diet per rat per day on the 
fifth day. The animals were kept in an air-conditioned room with temperature 
at 74 to 78° F. and humidity at 30 to 35 per cent of saturation. Twenty-four- 
hour samples of urine were collected at the same hour (8:00 to 8:30 a.m.) and 
were preserved with thymol and added citric acid (one gi’am per sample) to 
insure the acidity of the urine for nitrogen analyses. Urine glucose was deter- 
mined by the method of Benedict (9), and the determination of urinary non- 
protein nitrogen was by the micro-Kjeldahl procedure as follows: proteins were 
precipitated as the salts of tungstic acid by the Folin-Wu procedure. The 

TABLE 1. Medium carbohydrate diet 
Constituent 

Cellu flour (Cliicago Dietetic Supply) 

Osborne & Mendel salt mixture 

Diet yeast (Pabst) 

Wheat germ oil 

Cod liver oil 

Vitamin K (2-methyl-l, 4-naphthoquinone) 

Mazola oil ! 

Casein (Labco) 

Starch 

Dextrin 

Sucrose 

Water to make total of 

organic matter was oxidized by sulfuric acid and hydrogen peroride. The 
ammonia was distilled off into a standard acid solution and titrated with standard 

base. . , 

Following a control period all of the animals were adrenalectomized by t e 
method of Ingle and Griffith (7). Sterile technique was used and infections were 
successfully avoided. The animals were given a one per cent sodium c on e 
solution to drink throughout the entire experiment. Beef adrenal extrac 
(Upjohn) representing 40 grams of gland per cc. was used. It was ree rom 
alcohol. 


Grams 

120 

40 

100 

10 

10 

100 mgm. 
200 
160 
200 
190 
200 

2000 cc. 


EXPERIMENTS AND RESULTS 

In experiment 1 (fig. 1) eight partially depancreatized, mildly diabetic lats 
were adrenalectomized following a control period of seven days. Following 
adrenalectomy they were maintained by drinking saline for 14 days. At t is 
time cortical extract was administered according to the following, one cc. pei 
day for seven days, 2 cc. per day for seven days and 4 cc. per day for seven days. 
At the same time, seven normal rats were studied under the same conditions o 
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forced feeding. The average daily value (231 mgm.) for uiinary N.P.N. is shown 

for comparative purposes in figure 1. . 

Prior to adrenalectomy the diabetic rats excreted higher than normal amounts 
of nitrogen and an average of more than 3 grams of glucose per day. Following 
adrenalectomy the excretion of nitrogen Avas depressed for one day, but by the 
tlfird day it increased above the preoperative level. This rise occurred at a 
time Avhen the level of urinary glucose was falling. There was a secondary fall 
in urinary nitrogen beloiv the preadrenalectomj’" level, but it did not fall below 



DAYS 

Fig. 1. PARTiAiiLY DEPANCUEATizED, FORCED-FED RATS. Average values for eight ani- 
mals. The range of individual values is given for urinary N.P.N. 

the average for normal rats during the first 14 days. The glycosuria was 
abolished for each rat by the end of this period. During the administration of 
one cc. and 2 cc. of cortical extract per day the average level of urinary nitrogen 
fell below the normal average although glycosuria was re-established. When the 
amount of cortical extract ivas increased to 4 cc. per day the values for both 
urinary nitrogen and glucose ivere elevated to preadrenalectomy levels and 
above. 

In experiment 2 an attempt Avas made to determine the effects of. adrenalec- 
tomy upon severely diabetic rats. Six extensively depancreatized rats Avere 
adrenalectomized but only three of them survived the 14-day period during A\hich 
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teataent ^vas limited to the drinking of saline. The msuite on the three animals 
!d, survived "ere in aceord mth the results of experiment 1. Prior to 
ainnial,s excreted an average of 4.5 grants of glucose and 283 

felTtn ^ daily. Following adrenalectomy the glycosuria 

tell to an average daily value of 2.3 grams by tlld end of 14 datts, and the cone- 

rurin”f 1 ““■'>8“ "-"S 252 mgm. Aiain, tlrere was a decrease 

n urmaiy nitrogen immediately following adrenalectomy and a .subsequent 

temporary rise. During treatment irith one cc. and 2 ec. of cortical extract per 

nuLwr increased, while the level of urinary, nitrogen decreased. 

g treatment intli 4 cc. per day the levels of urinary hitroged and glucose 
were elevated to prcadrenalectomy levels. Tlrese data are not chdrled. 


DISCUSSION 


Janes, Daivson and Mj:ers (10) found that amelioration of alloxan diabetes by 
adrenalectomy m rats which ate, ad libitum was associated with a lowered food 
intake and that nonadrenalectomiied, diabetic rats which were limited to the 
same food mtake showed a similar decrease in glycosuria.' The present_study 
conftiTOs the observations of Ingle and Thorn (5) in showing that adrenalectomy 
caused an amelioration of pancreatic diabetes in rats which had a normal caloric 

m a e sustained b}*' tube feeding. The intestinal absorption of carbohydrate in 
these animals was complete. 

The decrease in urinary glucose following adrenalectomy (approximatelj’’ 3.5 
grams) cannot be accounted for in terms of decreased gluconeogenesis from pro- 
tein when changes in urinary nonprotein nitrogen are used as an index of the 
extent of conversion. Even if it were assumed that all of the, carbon of the ca- 
tabolized protein was converted to carbohydrate prior to the adrenalectomy and 
none following adrenalectomy the change in urinary glucose was' greaterr'' There 
was a postadrenalectomy rise in urinary nitrogen -which coincided "with a period of 
lapid fall in the glycosuria. An additional dissociation in the direction of change 
in urinary glucose and nitrogen occurred during the injection of one cc. and 2 cc. 
daily of cortical extract -when the level of- urinaiy nitrogen decreased and glyco- 
suiia ivas reinduced up to average values of more than 2 grams per day. 

These results are in agreement with experiments, on .cortical hormone over- 
dosage in paitially depancreatized (5) and.norinar(ll) force-fed rats, in -which it 
was sho-wn that the glucose loss is too great to be accounted for in terms of 
increased protein breakdowm.' 

!None of our experiments has tested, the possibility that the cortical hormones 
a ect gluconeogenesis from fat. How'e-im-, in the liverless rat glucose tolerance 
is incieased by adrenal coitical insufficiency (12) and is depressed by cortical 
mimone excess (13). In our. opinion the hypothesis which most nearl}’- meets 
t e expeiimental facts is the general explanation advanced by Evans (6) that the 
cortical hormones affect some mechanism w'hich spares carbohydrate. Accord- 
yj the adrenalectomized, diabetic animal regains ability to utilize some.of the 
cai oiydiate -ivhich was foimerty wasted into the urine, and cortical hormone 
over osage interferes wdth the utilization of carbohydrate. The phase of utiliza- 
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tion involved or may not be that of oxidation. The manner in which this 
effect of cortical insufficiency and excess relates to the role of the cortical hor- 
mones in body economy is not Icnown. 

There was some decrease in the level of urinary nitrogen following adrenalec- 
tomy but it did not fall below the average for normal animals during the 14-day 
postoperative period when no hormone was given. Diabetic animals character- 
istically excrete greater than normal amounts of nitrogen but a normal nitrogen 
balance is established when the glycosuria is controlled bj’’ insulin. Was the 
decrease in urinaiy nitrogen following adrenalectomy in these diabetic animals 
secondary to an improved utilization of glucose or does it reflect a more primary 
function of the cortical hormones? It has been generally considered that protein 
catabolism is decreased by cortical insufficiency but other studies from this 
laboratory (14, 15) have indicated that the force-fed, saline-treated, adrenalec- 
tomized rat is able to catabolize protein in a normal manner. Such animals do 
fail to mobilize their tissue proteins at a normal rate during a severe stress (15) 
unless they are sustained with cortical hormones. 

When the administration of cortical extract was started after 14 days of saline 
treatment the nitrogen balance became more strongly positive. Did this 
represent an effect of the cortical extract? It is possible that this small change 
would have occurred without the change in treatment. There was a correspond- 
ing increase in body weight (fig. 1). It has been observed on several occasions in 
this laboratory that the force-fed, adrenalectomized rat does not gain weight 
quite as rapidly as the nonadrenalectomized animal. It is possible that the 
cortical hormone is essential for an optimal rate of anabolism although this is 
contrary to the generally accepted concept that the cortical hormones stimulate 
catabolic processes. This may only be true of cortical hormone overdosage and 
IS not necessarily incompatible with the assumption that under some conditions 
physiological amounts of these hormones may support anabolism. 

The amounts of beef adrenal extract required to restore the glycosuria of the 
adrenalectomized-depancreatized rats to its preadrenalectomy level are large 
when compared to doses adequate to sustain life (16). From these data (fig. 1) 
h can be estimated that prior to adrenalectomy the adrenal cortices of these 
unimals secreted the activity equivalent of 3 to 4 cc. of extract per day. It is 
probable that the utilization of the endogenous secretion is more efficient than 

c intermittent injections of cortical extract. There are possible fallacies in all 
^uethods of estimating the secretory capacity of the adrenal cortices but all 
methods support the conclusion that very large amounts of cortical extracts are 
required to fully replace the functional activity of the intact adrenal glands (17). 


SUMMARY 

Partially depancreatized male rats of the Sprague-Dawley strain were force-fed 
carbohydrate diet and were given a one per cent solution of sodium 
to drink throughout the experiment. They excreted an average of 3.5 

Foil ^ of glucose per day and the nitrogen loss was greater than normal, 

omng adrenalectomy there was a sharp increase in urinary nitrogen by the 



608 


DWIGHT J. INGLE AND MILDRED C. PRESTRUD 


third day, which coincided with a fall in the level of urinary glucose. The 
glycosuria disappeared and the urinary nitrogen gradually fell to normal values, 
but not below, during the 14 days that the animals were maintained without 
cortical extract. During the administration of one cc. and 2 cc. of beef adrenal 
extract per day the average level of urinary nitrogen fell below the normal 
average, although glycosuria was re-established. TiTien the amount of cortical 
extract was increased to 4 cc. per day the values for both urinary nitrogen and 
glucose were elevated to preadrenalectomy levels and above. A decrease in 
gluconeogenesis from protein, as evidenced bj’’ the change in urinary nitrogen, 
could accoimt for less glucose than the actual decrease of 3500 mgm. per day in 
urinary glucose (exp. 1). Adrenalectomy either caused a decrease in gluconeo- 
genesis from fat or the animals regained the ability to utilize the dietary carbo- 
hydrate which they wasted by excretion prior to adrenalectomy. 
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During the course of studies on the action of alloxan on rabbits, an attempt 
■was made to prevent the well-lmovTi noxious action of this drug on the kidney 
by interrupting the renal circulation for about six minutes at the time of the 
alloxan injection. It Avas found that rabbits thus treated either did not become 
diabetic or developed an extremely mild diabetes. One explanation for the pro- 
tective effect observed is that our operative procedure resulted in an epinepluine 
discharge. Kass and Weisbren (1) have recently described a similar protecth^e 
effect in rats by injection of epinephrine previous to the injection of alloxan. 
This prompted us to investigate the influence of a previous injection of epineph- 
rine upon the diabetogenic effect of alloxan on rabbits. 

METHODS 

Twenty-two rabbits weighing 950 to 1926 grams (average 1400 grams) Avere 
gi\’-en intravenous injections of commonly used diabetogenic doses of alloxan 
(170 to 204 mgm. per Idlo of body Aveight) preceded by injections of epinephrine. 
Those that surviAi-ed longer than 24 hours Avere kept in metabolic cages and their 
mine Avas collected daily and tested for dextrose (Benedict). Blood sugar and 
occasionally blood urea AA^ere measured in blood samples from the marginal ear 
vein by means of the Leitz electrophotometer (slightly modified Folin and Wu 
and Karr methods). Blood sugar figures given beloAV are mgm. of dextrose per 
100 cc. of blood. Dextrose tolerance tests Avere performed after 16 to 20 hours 
fast by measm-ing blood sugar level before, and tAVo hours after, the injection of 
4 cc. of 50 per cent dextrose solution per lulo of body weight. When the fasting 
blood sugar level AA^as lower than 150 and the tAvo-hour figure Avas not higher than 
the first one, the result was considered as shoANong the absence of a diabetic dis- 
turbance; when the tAAm-hour figure Avas higher than 150, and also distinctly 
higher than the fasting one, the result Avas considered as showing the presence 
of a diabetic disturbance; other results would be considered doubtful. Further 
details concerning the experimental conditions are given in the tables. 

RESULTS AND DISCUSSION 

The results of our experiments are given in tables 1, 2 and 3. Out of a total 
munber of 22 animals treated with epinephrine-alloxan, as detailed above, 11 
suiA Ia ed longer than 24 hours (table 1). At a tune when a large proportion of 

1 Present address: Universidad de los Andes, Merida, Venezuela. 
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TABLE 1. Data concerning 11 rabbits (out of a series of 22) that survived not 
LESS than 24 HOURS AFTER AN INTRAVENOUS INJECTION OF A CURRENT DIABETOGENIC 
DOSE OP ALLOXAN PRECEDED BY AN INTRAMUSCULAR INJECTION OF A DOSE OF 200 MICRO- 
GRAMS PER KGM. OF EPINEPHRINE 


RAB- 

BIT 

NO. 


1 

4 

5 

6 

8 

9 

13 

14 

19 

20 

21 


grams 

1750 

1650 

1750 

I 

1240' 

1150 

1350 

1270 

1320 

1635 

1225 

1650 


AL- 

LOXAN 

PER 

KGJI. 


mgm, 

185 

200 

180 

200 

200 

170 

200 

200 

180 

180 

180 


INTER- 

VAL 

BE- 

•nVEEN 

IN- 

JEC- 

TIONS 


60 

60 

60 

60 

60 

60 

20 

20 

60 

SO 

80 


LENGTH 
or EAST- 
ING 
PRIOR 
TO 

INJEC- 

TtO.VS 


hours 

24 

24 

none 

24 

24 

24 

none 

none 

16 

16 

none 




1 PASTING BLOOD SUGAR 



TIME OF 

CEYCO- 






ONSET 

SUiciA 






OF IIV- 

LATER 






POGLY- 

THAN 24 






CEMIA 

HOURS 

24 hours 

48 hour 


SURVIVAL 

CAUSE OF 

AFTER 

AFTER 

after at 

after al 

Highest value 

PERIOD 

DEATH- 

Al^ 

AL- 

loxan 

loxan 

found after 



LOXAN 

LOXAN 

injcc- 

injcc- 

48 hours 



INJEC- 

INJEC- 

lion 

tion 




TION> 

TION 






hours 


mgm/ 
100 cc. 

mgm/ 
100 cc. 

mgm/lOO cc. 



2 

— 

77 


126 

7 months 

Killed 





(12th) day 



4 


90 



less than 

Liver 






48 hours 

dam- 







age 

8 

— 

117 

100 

100 

12 months 

Killed 





(8th) day 



3 



37 

160 

97 

4 days 

Liver 





(4th) day 


dam- 







age 

2 


62 



less than 

Uremia 





48 hours 


2 

+ 


136 

322 

(4tb) day 

4 days 

Killed 

Uremia 



408 


less than 





48 Jiours 


5^ 

— 

410 



8 days 

Liver 

dam- 







age 

5 


124 


124 

12 months 

Killed 





(6th) day 



7 


65 

50 


49 hours 

Liver 






dam- 







age 



171 

132 

109 

12 months 

Killed . 





(5th) day 




* Rabbit 21 did not show hypogl 3 ’^cemia at any time; it was give . 
beginning five hours alter alloxan. Dextrose injections, beginning ° 90 

alloxan (before hypoglycemia was ascertained), were given to rob its , 4, ^ ii-,. 

Dextrose injections, beginning after hypoglycemia ivas ascertained, uere given o r 

1 , 4, 5, 6, 8 and 9. , , . • n 

^ For rabbits 4,6,14 and 20 liver damage is given as the cause of deat ecause in a 
animals extremely severe liver necrosis was found by histological examma ion. a 
S and 13 were not subject to postmortem examination; uremia is given as le ® ^ 

death because the 24-hour blood urea was 103 mgm.% for no. 8 and 140 mgm,% or no. 
liver damage, as contributory factor, is of course probable. 

commonly alloxanized rabbits already sbow an unmistakable diabetic h 3 T) 6 r 
gljmemia, namety 24 hours after the alloxan injection (2, 3, 4), in onlj’' 3 of our 
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surviving animals was blood sugar higher than 125. Eight of our rabbits siu- 
vived 48 hours or longer. At a time when nearty all commonly alloxanized 
rabbits already shoAV immistakable diabetic hyperglycemia, namely 48 hours 
after the alloxan injection (2, 3, 4), blood sugar was measured in five animals and 
in none was it foimd to be higher than 160; rabbit no. 9, with a 48-hour blood 
sugar figure of only 136, showed glycosuria on the third and a blood sugar of 322 
on the fourth day. None of the other six animals surviving longer than 48 hours 
(nos. 1,5,6, 14, 19, and 21) ever showed either glycosuria .or fasting hypergly- 
cemia later than 48 hours after the alloxan injection. 

Sugar tolerance tests (table 2) were performed on five of our rabbits that sur- 
vived longer than four days (see table 1), all of which failed to show glycosuria. 
A latent diabetic disturbance was found to exist in two (nos. 14 and 19) and total 
absence of any diabetic disturbance was observed in three (nos. 1, 5 and 21). 


TABLE 2. Dextrose tolerance tests in five rabbits that survived longer than 

FOUR DAYS AFTER THE EPINEPHRINE ALLOXAN TREATMENT AND SHOWED NO GLYCOSURIA 
LATER THAN 24 HOURS AFTER THE ALLOXAN INJECTION 



BtOOD SUGAR 
24 HOURSAFTER 
ALLOXAN 
^ INJECTION 

highest FAST- 
ING BLOOD 

! sugar later 

THAN 24 HOURS 

SUGAR TOLERANCE TEST j 


RABBIT NO. 

Day after 
epinephrine- 
alloxan inject- 
1 ions 

Blood sugar 

RESULTS 


Fasting 

2 hours 

1 

1 

mgm/lOO cCs 

77 

mem /too cc, j 

12th 

mem/100 cc. 

126 

memjlOO cc. 

117 i 

No diabetes* 

5 

117 

100 

6th 

93 

93 

No diabetes* 

14 

410 

1 

8th 

38 

155 i 

Latent diabetes 

19 

124 

124 

6th 

124 

320 

Latent diabetes 

21 

171 

132 

5th 

109 

95 

No diabetes* 


' A few days after the dextrose tolerance test had shown absence of any diabetic dis- 
turbance, rabbits no. 1, S and were again injected with alloxan, without previous epi- 
nephrine injection, and all three developed typical diabetes. 


In these three rabbits alloxan ivas again given a few days later, without a pre- 
vious epinephrine injection, and all three developed typical diabetes. This 
proved that the previous failure of these animals to become diabetic was not due 
to an individual lack of sensitivity to alloxan. The same was shoxvn, in quite a 
different way (table 1), for two of these rabbits (nos. 1 and 5), as well as for others 
that failed to show any evidence of typical diabetes (nos. 4, 6, 8, 19 and 20), by 
the fact that all these animals showed alloxan hypoglycemia. 

At least in two epinephrine alloxan-treated rabbits that died from alloxan 
hypogtycemia (nos. 11 and 12, table 3), the pancreatic islets, as well as the rest of 
the pancreas, were found to be histologically normal. From the presented facts 
the statement seems justified that, vmder the conditions of our e.xperiments, 
intramuscular injection of epinephrine in doses of 200 micrograms per kgm. of 
body weight before the administration of commonly used diabetogenic doses of 
alloxan, in most cases, either very markedly hindered or totally abolished the 
diabetogenic effect of alloxan in rabbits. 
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The above results appear to be independent of sex, age or weight of the rabbits 
used and of fasting or nonfasting prior to the experiment. 

The fact that all the rabbits that were protected by epinephrine against the 
diabetogenic action of alloxan, and that were not given dextrose injections early 
after the alloxan treatment, showed hypoglycemia suggests that alloxan was not 
chemically inactivated by epinephrine. Furthermore, the variability of the 
antidiabetie effect of epinephrine under similar experimental conditions is also 
more in accordance with a biological than with a simple chemical mechanism. 
The biological mechanism that protects the pancreas against the diabetogenic 
action of alloxan may well be the vasoconstriction which is knoum to be elicited 

TABLE 3. Data concerning 11 rabbits (out of a series of 22) that died within 24 

HOURS after an INTRAVENOUS INJECTION OF A CURRENT DIABETOGENIC DOSE OF ALEOXAN 
PRECEDED BY AN INTRAMUSCULAR INJECTION OF A DOSE OF 200 MICROGRAMS PER KGM. OF 
EPINEHPRINE 


RABBIT NO. 

WEIGHT 

1 

ALLOXAN 
PER KGM. 

PRELIMI- 
NARY FAST 

TIMEAFTER 
ALLOXAN 
MlIEN CON- 
VULSIONS 
APPEARED 
FIRST 

TIME APTER ALLOXAN 
WHEN DEXTROSE IN- 
JECTIONS WERE GIVEN 

TIME OF 
DEATH 

(after 

ALLOX an) 

CAUSE or DEATH 

First 

Last 


srams 

fn^m. 

hours 

hours 

hours 

hours 

hours 


2 

1925 

185 

24 

2 

2 

7 

more 

Hypoglycemia ? 








tha-n 16 


3 

1210 

204 

24 

2-i- 

21 


21 

Hypoglycemia 

7 

1920 

200 

24 

17 

5| 

12 

more 

Hypoglycemia 


1 






than 17 


10 

950 1 

200 

24 

4 

4 

12 

more 

Hypoglycemia ? 








than 16 


11 

1190 

200 

24 

3J 

31 


3i 

Hypoglycemia 

12 

1230 

200 

24 

2 

2 


2 

Hypoglycemia 

15 

16 

1250 

1390 

200 

200 

24 

24 

21 

2 

2i 

2 

6 

6 

6 

6 

Hypoglycemia 

Hypoglycemia 

17 

1320 

200 

21 


. 2 

12 

121 

Pulmonary edema 

18 

1185 

200 

21 


2 


3 

Pulmonary edema 

22 

1415 

180 

none 

3i 

3i 


3i 

Hypoglycemia 


by epinephrine on the pancreatic vascular system (5-8) in the rabbit. It should 
be pointed out that in the case of rabbits no. IS and 14 l^ss than 20 minutes e apse 
between the epinephrine and the alloxan injections as compared to 60 to 80 minutes 
with all other rabbits of our series. These 2 animals were among 3 > 

and 14) which, out of 11 that survived more than 24 hours, showed unmista ca e 
diabetic hyperglycemia. Whether this is mere coincidence or -whether an in ei va 
longer than 20 minutes between epinephrine and alloxan injections is necessaiy 
to prevent the diabetogenic action of the latter can only be decided by ui er 
research. 

Fifty per cent of our rabbits died within 24 hours (table 3) and in most o 
animals the cause of death was, in all probability, hypoglycemia. Four la i s, 
710. 3, 11, 12 and 22 died within three hours and fifteen minutes after the a oxan 
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injection and quite suddenly after the appearance of hypoglycemic convulsions, 
leaving no opportunity for effective treatment; two other rabbits, no. 16 and 16 
died six hours after the injection of alloxan in hypoglycemic convulsions, despite 
previous and repeated dextrose injections; two others died from pulmonary 
edema. The other three animals that died within 24 hours did so late in the 
night, 16 hours or longer after the alloxan injection. They had received several 
dextrose injections and the watch had been discontinued, since, in the light of 
previous experience from our ovm and other laboratories (2, 3, 4), it seemed that 
there should be no more danger of death from hypoglycemia. 

Nearly all of our animals that died within 24 hours had been fasted for 21 to 
24 hours and mo.st of them were very young. We cannot rule out the possibility 
that these factors might have something to do udth the high mortality from 
hypoglycemia, its early appearance and its late recurrence in our experiments. 
With this reservation we feel that the features of the hypoglycemia shoivn by 
these animals were a result of epinephrine-alloxan treatment as detailed above. 

Low, and even very low, blood sugar figures were recorded in several animals 
24 hours or more after the alloxan injection (table 1) as follows: no. 8, 62 at 24 
hours; no. 20, 65 at 24 hoius and 50 at 48 hours; no. 6, 37 at 24 hours; and no. 14 
(table 2), 38 as late as on the eighth day. There can be no doubt that this 
extremely late persistence or recurrence of hypoglycemia is a result of the epi- 
nephrine-alloxan treatment, since nothing similar has been reported as a result 
of simple alloxan treatment in rabbits or other species. 

In rabbits no. 1 and 6, the epinephrine-alloxan treatment did not produce 
diabetes (table 2) but did produce alloxan hypoglycemia (table 1). This obser- 
vation, which is the first of its kind to be reported, conflicts with Goldner and 
Gomori’s statement (9) that alloxan hypoglycemia has never been observed in 
animals that survived and failed to become diabetic, and with the widely accepted 
view that alloxan hypoglycemia is due to insulin released from the islets of 
Langerhans in the course of their destruction imder alloxan action. This view 
is also opposed by the fact that in our rabbits, no. 11 and 12, that died from 
alloxan hypoglycemia (table 3), the pancreas was found to be histologically 
normal. From the point of view of the mechanism of production of alloxan 
hypoglycemia, our results bear out Houssay’s contention (10) that alloxan hypo- 
glycemia is not due to insulin released from the damaged pancreas but is brought 
about by some extra pancreatic mechanism, probably as a result of alloxan 
injury to the liver. 

Finally, out of 11 animals that survived 24 hours or longer, six {no. 4, 6, 8, 13, 
14 , and 20, table 1) died wdthin 2 to 8 days. In all probability, the cause of 
death of these animals w^as not diabetes but liver and/or kidney damage. This 
means an exceptionally high mortality as a result of alloxan-induced damage 
other than diabetes. Therefore, while realizing that fmther study is required to 
reach any definite conclusion on this matter, w^e feel that a previous injection of 
epinephrine, under the particular conditions of the reported experiments, tends 
to increase the damage induced by allo.xan in organs or tissues other than the 
pancreas and, as a result, tends to increase nondiabetic alloxan mortality. 
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suaiaLVRV 

Intramuscular injection of epinephrine in doses of 200 micrograms per kgm. 
of body weight given 60 to 80 minutes before administration of diabetogenic 
doses of alloxan to rabbits either veiy markedly hindered or totally abolished 
the diabetogenic effect of alloxan in most cases. The mechanisms of this phenom- 
enon and the bearing of some experimental factors upon it are briefly discussed. 

The results of our experiments suggest that a previous injection of epinephrine 
tends to alter the effects of alloxan by favoring an earlier appearance, a greater 
severity and a later recurrence of hypoglycemia, and by increasing the incidence 
and the severity of, as well as the mortality from, alloxan-induced damage other 
than diabetes. 

We wish to thank Dr. R. Barroso, to whom wc are indebted for the histological study of 
the pancreas and other organs of our rabbits and Dr. S. Zubirdn for his kind interest in our 
work. 
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Zimmerman (1, 2) observed that ketosteroids react with w-dinitrobenzene in 
an alkaline medium to produce a red color. Subsequently, it was found that in 
diluted solutions the optical densit 3 ’- of the color is proportional to the concentra- 
tion of the 17-ketosteroids within rigid conditions of assa 5 ^ The Zimmerman 
reaction has been applied with considerable success to assay the 17-ketosteroid 
content of human urine extracts. According to the available evidence the uri- 
narj’’ 17'ketosteroids are metabolites derived from the adrenal cortex and testes 
(3, 4). There have been few I'eports in which the Zimmerman reaction has been 
applied to the urine extracts of experimental animals. A Zimmerman reaction 
applied to urine extracts of rats is included in a report bj'' Larapton and Miller 
(5). Crude neutral urine fractions were assayed using an aqueous modification 
of the Zimmerman colorimetric reaction. Karnofsky, Nathanson, and Aub (6) 
have reported the 17-ketosteroid excretion in the mouse. From their report it 
appears that crude neutral fractions were used. Unfortunately, neither report 
present data to substantiate the methods used in their studies. 

Since the nature and quantity of the urinary chromogens are unknown it was 
deemed important to test the applicability of the assay method for urine analysis 
of an experimental animal. The quantity of urinary 17-ketosteroids excreted 
by the male rabbit was studied, and data concerning the extent of correlation 
between volume and 17-ketosteroid excretion analyzed. Also, pathologies were 
induced in the adrenal glands and changes in the excretion of 17-keto5teroids 
determined. 


MATERIALS AND METHODS 

Eighteen mature male rabbits weighing 9.5-11.5 pounds were used. The 
colony was maintained under optimum conditions for at least six weeks prior 
to collection and assay of urine samples. They were fed complete rabbit pellets, 
and water was supplied in heavy stone crocks to avoid dilution of urine collec- 
tions. 

A quarter-inch mesh screen was placed beneath individual wire rabbit cages 
which sifted the fecal pellets but allowed the urine to pass through the mesh. 
Urine drained down a F -shaped tray tilted into a collection flask containing 4 
cc. of concentrated HCl for preservation of the sample. Accurately timed 48- 
hour urine specimens were collected. Assays were made with 250 ml. aliquots 
of the total 48-hour collection. If the total urine collection was less than 250 
mU^s diluted to 250 ml. with distilled water. Urines were filtered and stored 

Present address: Department of Biologj', University of Oregon, Eugene, Oregon. 
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in the refrigerator until preliminai’y extraction which was completed within three 
days of the collection periods. 

The crude neutral fraction. Urines were hydrolized by refluxing with 15 per 
cent by volume of concentrated HCl for seven minutes under ‘cold finger’ con- 
densers. The hydrolized urine was cooled and immediately extracted four times 
vdth 35 ml. aliquots of ethyl ether. Combined ether extracts were washed once 
vdth water and twice with saturated NajCOs solution. Phenolic compounds 
present in the ether were removed by three washings vdth 2N-NaOIl. Subse- 
quentljq the ether extract was washed three times with distilled water to remove 
alkalies. The ether solvent was then distilled off and the crude neutral urinary 
extracts dried and stored in vacuo. 

Ketonic fractionation. The cmde neutral fraction further treated with 46 
mgm. of Girard’s Reagent T according to the micro-method of Pincus (7) and 
a partially purified ketonic fraction obtained. 

TABLE 1. 17-Ketosteroids (mgm/250 ml.) determined for aliquots of pooled urine 

AND COJIPARED FOR PRECISION OF TECHNIQUE 


ALIQUOT 

1 

2 ' 

3 

4 

s 

6 

7 

s 


5.8 

6.5 i 

5.8 

2.5 

5.2 

1.3 

5.5 

6.2 

^2 

5.7 

6.3 

5.9 

1.7 

5.2 

1.4 

5.6 

6.0 


6.1 

6.7 ! 

6.2 

2.0 

5.1 

0.9 

5.2 

5.9 

^4 1 

1 

6.0 

6.5 

6.1 

— 





Average 

5.9 

6.5 

6.0 

2.1 

5.2 

1.2 

5.4 

6.0 


Assay for 17-ketosteroids. An anhydrous modification of the Zimmerman 
colorimetric reaction developed by Talbot et al. (8) was used to assay the samp es. 
Por assay the urinary ketonic fraction was dissolved in 5.00 ml. of absoute 
ethanol. The optical density of the colorimetric reaction was measured m an 
Evelyn photoelectric colorimeter with a Rubicon filter having maximum trans- 
mission of 520 m.fi. _ ... 

In order to evaluate the galvanometer readings of the urinary ketonic ractions 
the colorimeter was previously calibrated vdth six knoum concentrations o 
crystalline dehydroisoandrosterone" over a range of 50-300 y. With each 
of urine assays a standard was also assayed as a check on the technique. ac 
ketonic fraction, reagent blanlv, and standard was assayed in triplicate an t e 
average of the three assays used as the 'representative value. 

ANALYSIS OF THE METHOD 

Overall precision for the technique was estimated from collections of ra,bbit 
urine pooled so that several 250 ml. aliquots were obtainable. The precision 
for comparable aliquots within eight such urine pools is presented in table 1. 

- Crystalline dehydroisoandrosterone was kindly supplied to the investigator by Dr. E. 
Schwenk, Schering Corporation. 
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Accuracy of the method is reflected in the recovery efficiency of crystalline 1^- 
ketosteroids added to urine. In such experiments 12 aliquots of pooled urine 
were assayed while 11 other aliquots of the same urine pool received measured 
amounts (5.00-6.00 mgm.) of crystalline androsterone. The average recovery 
was 88 per cent of the andi'osterone added to the urine. 

The reagents were studied in several ways to examine their non-specific 
chromogen contribution. As a check on the constancj'’ of the blank color with 
different batches of reagents it was routine to adjust the galvanometer to 100° 
and obtain a setting with the reagent blank. The blank setting during 10 months 
varied between 78°-82°. A scan was made of the colorimetric reagent blank 
absorption compared with an absolute ethanol blank in a Beclanan spectro- 
photometer over a range of 400-640 m.//. The resultant curve revealed maxi- 
mum absorption at 450 m.ix. which rapidly decreased to a low level at higher 
wave lengths. Along vdth several urine samples a 250 ml. ahquot of distilled 
water was processed as if it were a routine urine collection. The water sample 


TABLE 2. Comparison of assay values for crude neutral extracts and ketonic 
FRACTIONS (MGM/250 ML.) OBTAINED FROM ALIQUOTS OF POOLED URINE 


URINE POOL 

CRUDE FRACTION 

KETONIC FRACTION 

% CHROUOGEN AS KETONIC 
FRACTION 

I 

2.9 

1.6 

64.0 

II 

3.0 

1.4 j 

47.6 

III 

4.1 

2.1 

60.9 

IV 

4.0 

2.1 

64.0 

V 

3.0 

1.6 

63.7 


showed no detectable assay value. Hence, it was assumed that the reagents 
used did not contribute chi'omogen which interfered with the assay method. 

According to test experiments the technique of ketonic fractionation resulted 
in the largest loss of 17-ketosteroids. To determine the value of such purifica- 
tion in rabbit urine several aliquots of pooled urine were assayed in the crude 
neutral state while other aliquots of the same pool were purified to the ketonic 
stage. The assay values of the two fractions are compared in table 2. The 
average reduction in chromogen content is 52 per cent. 

Optical density curves for the colorimetric reaction of various urine fractions 
and crystalline dehydroisoandrosterone were derived in a Beclanan spectro- 
photometer at 20 m.M. intervals from 400 to 640 m.At. The crude neutral frac- 
tion of rabbit urine shows maximum density near 420 m.^t. and a second peak at 
520 m.n. The ketonic fraction has a single peak at 520 m-fi. and resembles 
the bell-shaped curve of crystalline dehydroisoandrosterone wth the exception 
of relatively high density at 420 m.^. The non-ketonic fraction has a peak at 
420 m./x and rapidly falls off in density at higher wave lengths. Such curves 
are loughly comparable to those obtained from the same fractions of human 
urine (9). 

To deteimine the extent of non-specific chromogen the ratio of extinction co- 
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efficients E 52 o:E«o was recorded for the fractions of rabbit urine. These ratios 
reveal that interfering chromogen is reduced by obtaining the partially purified 
ketones. A comparison of assay values with their respective extinction coef- 


TABLE 3. Average 17-ketosteroid and urine excretion per 4S hours of 18 normad 

ADULT male rabbits 


ANIMAL 

NO. OF URINES 

MGM. 17-KS 

S.E. 

itL. URINE 

A 

9 

2.24 

0.19 

402 

B 

10 

2.27 

0.22 

347 

C ’ 

10 

2.21 

0.20 

249 

D 

10 

2.57 

0.20 

327 

E 

9 

2.25 

0.22 

280 

F 

10 

3.45 

0.30 

311 

G 

10 

2.45 

0.22 

247 

H 

3 

2.56 

0.27 

852 

I 

6 

1.55 

0.08 

318 

J 

4 

2.50 

0.05 

459 

K 

4 

2.76 

0.34 

467 

L 

4 

2.01 

0.19 

270 

M 

3 

1.8S 

0.38 

422 

N 

3 

2.67 

0.48 

1080 

0 

3 

1.91 

0.23 

283 

R 

4 

1.78 

0.05 

284 

S 

4 

1.28 

0.15 

343 

T 

4 

1.93 

0.12 

287 


TABLE 4. Continuous excretion of 17 -ketosteroids (mgm/4S hrs.) assayed for 

SEVEN NORMAL MALE RABBITS (FIGURES IN PARENTHESES ARE THE MEAN VALUES} 


RABBIT A 

RABBIT B 

RABBIT C 

RABBIT D 

RABBIT E 

RABBIT F 

RABBIT G 

2.03 

1.50 

2.50 

2.69 

1.72 

1.96 

2.30 

2.76 

3.32 

3.17 

3.91 

1.35 

2.58 

2.31 

1.72 

1.42 

1.20 

2.41 

1.69 

3.14 

1.81 

2.48 

2.12 

1.85 

2.33 

2.08 

3.24 

3.42 

2.28 

2.45 

2.52 

2.01 

2.88 

4.79 

2.81 

2.14 

2.42 

2.53 

1.82 

1.95 

5.14 

1.65 



2.72 

1.35 

3.01 

— 

4.35 

2.27 

3.38 

3.49 

2.90 

3.28 

3.44 

3.44 

3.96 

2.11 

1.71 

2.37 

2.35 

2.76 

2.90 

2.15 

1.31 

1.56 

1.69 

1.85 

2.51 

2.95 

1.80 

(2.24) 

(2.27) 

(2.21) 

(2.57) 

(2.25) 

(3.45) 

(2.45) 


ficient ratios suggests that as the concentration of 17-ketosteroids deci eases the 
interference due to non-specific chromogen increases. 

APPLICATION OF THE METHOD 

In order to determine the excretion of 17-ketosteroids in normal adult male 
rabbits, 109 collections of 48-hour urine samples from 18 animals ivere assa5’^e . 
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Table 3 summarizes the average 17-ketosteroid excretion for each animal of the 
colony. Individual rabbits vary in average excretion of 17-ketosteroids from 
1.28 to 3.45 with the average excretion of the colony as 2.23 mgm/48 hours. 
Standard deviation of variates was ±0.48 or 22 per cent of the mean value. 
Among 109 urine collections assayed the excretion of total 17-ketosteroids varied 
from 0.86 to 5.14 with a mean sample value of 2.31 mgm. per 48 hours and a 
standard deviation of ±0.79 which is 34 per cent of the mean. 


TABLE 5. Average 17-ketosteroid excretion (mgm/48 hrs.) of rabbits in normal 

AND EXPERIMENTAL PATHOLOGIES INDUCED IN THE ADRENAL GLANDS 


AKUIAL 

NORirAL LE\'EL 

ME-CHOt. 305 DAVS 

PERCENT DECREASE 

D 

2.57 

1.95 

25 

E 

2.25 

1.59 


F 

3.45 

1.62 


■ G 

2.45 

2.28 

7 



B-P TUMOR INVOLVEMENT 


W 

2.31* 

0.33 

86 

X 

2.31* 

0.18 

92 


* Excretion level of the colony. 


TABLE 6. Analysis of covariance* of urine volume (x = ml/48 hrs.) and 
17-ketosteroids (y = mgm/48 hrs.) for seven normal rabbits studied 
for 9 OR 10 CONSECUTIVE COLLECTIONS OF 48 HOURS’ DURATION 


SOURCE OF VARIATION 

DEGREES 

OF 

FREEDOM 

SUM OP SQUARES AND PRODUCTS 

ERRORS OF ESTIMATE 

SX2 

Sxy 

Sy» 

Sums of 
squares 

Degrees 

freedom 

Among rabbits 

6 

177237 

6.68 

4.5234 



Within rabbits 

61 

310217 

2123.30 

40.7034 

26.1703 

60 

Total 

67 

487454 

2129.98 

45.2268 

35.9196 

66 

Adjusted among rabbits 

9.7493 

6 


* See, for example, Statistical Methods, G. W. Snedecor, Iowa State Press, 1940. 


To determine the e.xtent to which 17-ketosteroid excretion varies in individual 
normal animals the continuous urinary excretions of seven animals were studied 
for 20 days. Table 4 lists the excretions of these animals. 

In an endeavor to alter the rate of adrenal function certain pathologies were 
induced which involved the adrenal cortical gland. Two black Dutch rabbits 
received inoculations of Brown-Pearce carcinoma suspension into the testes. 
Urine collections were begun seven days after inoculation. Animal X collapsed 
on the eleventh daj^ so that two complete 48-hour urine collections were ob- 
tained. Three 48-hour collections were obtained from animal W before this 
animal succumbed. Although the collections were of normal urine volumes the 
17-ketosteroid output was less than 0.5 mgm/48 hours in all samples (table 6). 

Histologic sections of the adrenal glands exhibited numerous large metastases 
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of Brow-Pearce tumor cells. The rapidly proliferating carcinoma appeared to 
have replaced and crowded out the normal adrenal cells. 

Another group of animals (D, E, F, G), whose normal 17-ketosteroid excre- 
tion level was established, were treated \rith 20-methyl-cholanthrene suspended 
in olive oil. Adrenals of each animal were exposed surgicallj’’, and 3-5 mgm. of 
methyl-cholanthrene deposited in each adrenal. Three hundred days later 
urine samples were collected continuously for eight days and assayed. 

The level of 17-ketosteroid excretion was depressed in animals D, E, and F, 
while animal G excreted 17-ketosteroids at its pretreatment level (table 6). 
Histologic examination of adrenal sections revealed two unique cell tjqres. 
Present in the adrenals of animals D, E, and F were manj’- thin cords of very 
small intensely chromatic cells. These dark cell cords were very prominent 
immediately beneath the capsule of the cortex. Thej’- could not be identified as 
usual morphological constituents of the adrenal cortex. The second unusual 
cell type were clusters of highly vacuolated cells. These 'foam’ cells were rare 
and found only in glands of animals E and F. 

DISCUSSION 

On the basis of data reported here concerning the preparation of rabbit urine 
extracts and their subsequent assay, the method has been demonstrated as being 
sufficiently quantitative, precise, and accurate enough to warrant application in 
animal studies. 

The absorption spectra of various urine fractions indicate the ketonic fraction 
most closely resembles the curve of crystalline 17-ketosteroids, while fractiona- 
tion experiments indicate that about half of the chromogen present in the crude 
neutral fraction is inert (table 2). In order to obtain extracts of sufficient c ro- 
mogen purity it appears essential to obtain ketonic fractions. The excretion 
level of 17-ketosteroids in normal rabbits shows approximately the same purity 
of chromogen as the low level human urines reported by Talbot et a^. (11). 

It has been demonstrated that the principal 17-ketosteroids present in urine 
develop almost identical chromogen density in the relative^ anliydious assay 
modifications of the Zimmerman reaction (9, 10) but not with techniques 
water as a reagent solvent. Since the constituent 17-ketosteroids o la i 
urine have not been characterized chemically, it appears advisable to use an 
anhydrous assay technique despite greater difficulty in preparation o a co lo ic 

reagents. . . . 

To examine the relationship of mine volume to 17-ketosteroid excretion ot 
rabbits an analysis of covariance was computed® (table 6). The anaysis vas 
based upon a study of 48-hour samples collected continuously for 18 or 2 aj s 
on seven normal animals. There were 68 samples analysed for the corre a ion 
of urine volume with steroid content. 

The data show statistically significant differences among the aveiage urine 

® The analysis of covariance was performed by the University of Oregon Computation 
Service under the direction of Dr. W. J. Dixon, Department of Mathematics, mversi y 
Oregon. 
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volumes of the individual rabbits (F = 5.7'* where F.ob = 2.25) while the differ- 
ences among average 17-ketosteroid excretions for the seven individuals are not 
significant (F = 1.13 where F.os = 2.25). Average correlation of the urine out- 
put to the 17-ketosteroid excretion on the basis of the seven individual animals 
is 0.60 and the correlation based on all the 68 urine collections is 0.45. The 
average values for urine volume and 17-ketosteroid excretion for the seven rab- 
bits are not correlated. From such information it is obvious that excretion of 
17-ketosteroids is relatively constant despite the variations in urine volumes. 

To estimate the value of urine volume for predicting the 17-ketosteroid content 
a percentage comparison was made of the actual variance of y (mgm. 17-keto- 
steroid/48 hours) with the variance of y predicted on the basis of x (ml. urine/48 
hours). The ‘percent of infoiuiation’ or ‘efficiency’ of urine volume as an es- 
timate of 17-ketosteroid content is 0.4362/0.6673 = 65 per cent.® The 17-keto- 
steroid excretion is considerably more constant when determined as a function 
of time duration rather than urine volume. 

It is not known whether the depressed levels of animals recehdng the Broivn- 
Pearce carcinoma are due to a general debility of these animals near the height of 
metastases, or whether the resultant levels are directly attributable to the re- 
placement and crowding out of active adrenal cells by the large metastases of 
txrnior cells. The latter view is most adequately supported by histological stu- 
dies of the adrenal sections. 

The histological changes induced in the adrenals after 300 days exposure to 
methyl-cholanthrene do not appear to be typical adenoma of cortical cells but 
rather a proliferation of an anaplastic, densely chromatic type of cell. Since 
there were no other pathologies in these animals the depressed excretion of 17- 
ketosteroids is related to the changes in the adrenal glands. The experimentally 
induced pathologies of the adrenal gland suggests that interference with normal 
adrenal function lowers the excretion of 17-ketosteroids. 


SUMMARY 


An anhydrous Zimmerman reaction was applied to a partially purified neutral 
ketonic fraction of rabbit urine. The preparation of the fraction and its subse- 
quent assay for 17-ketosteroids was studied to determine the applicability of 
the method used. The data of precision studies, recovery experiments, and 
studies of the chromogen purity indicate that the method is sufficiently accurate 
to warrant application utilizing the rabbit. In order to obtain fractions of 
sufficient chromogen purity it is essential to use ketonic fractions since the crude 
neutral fraction contains excessive chromogenic materials which yield false 
steroid titer. 

The average level of 17-ketosteroid excretion in the normal male rabbit is 2.23 
mgm. per 48 hours as indicated by assay of 109 urines collected from 18 animals. 


310217/61 


= 5.7 (table 6), 


* 26.1903/60 = 0.4362 and 40.7034/61 = 0.6673 (table 6). 
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A covariance study of the urine volumes excreted reveals that the excretion of 
17-ketosteroids is relatively constant despite variations in urine volume. 

Inoculation of Bro\Yn-Pearce tumor suspension into two animals reduced the 
excretion of 17-ketosteroids to less than 0.5 mgm. per 48 hours. The adrenal 
glands were invaded by large metastases of tumor cells. Meth 3 d-cholanthrene 
deposited in the adrenal glands of four animals for 300 daj^s induced histologic 
changes in the adrenal cortical gland. Three of these animals excreted a sig- 
nificantlj’- lower level of 17-ketosteroids. 

Depression of 17-ketosteroid excretion is correlated with changes in adrenal 
function as evidenced by the histology of the gland. Such evidence supports 
the adrenal source hypothesis of 17-ketosteroids. 

The author wishes to thank Dr. Boris Krichesky for suggestions and criticisms made 
during the course of the study. I am grateful to Dr. Elly Jacobsen for the Brown-Pearce 
injected animals. 
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Recently we have had occasion to observe the changes in blood pressure and 
heart rate in dogs in which the oxygen tension of the blood was reduced rapidl}^ 
from normal values to a nearly absolute anoxemia. This acute form of severe 
hypoxemia was produced by 100 per cent nitrogen breathing. Under these con- 
ditions, the blood pressure may rise for a short period, as has been noted by sev- 
eral investigators (1-4). However, as the hypoxemia continues, the blood pres- 
sure falls progi-essivelj'- to low levels. Restoration of o.xygen breathing causes 
a marked rise in blood pressure, considerably above the hypo.xemia level. 

We have found that epinephrine injected during the hypoxemic depressor 
phase fails to give the usual pressor response. Instead a reduced or absent re- 
sponse is seen as long as the hypo.xemia continues. When oxygen is again in- 
troduced into the breathing mixture, the epinephrine then produces its pressor 
effect. This epinephrine action suggested a failure of responsiveness of the heart 
and blood vessels during extreme hypoxemia and indicated that the epinephrine 
could not be metabolized in the absence of oxygen, since a marked pressor effect 
appeared when the animal again breathed air. The lack of response to a potent 
agent such as epinephrine and its unexpected latency of action in severe hypox- 
emia led us to investigate the mechanisms involved. In this communication 
we report our results 1) on the blood pressure and heart rate changes following 
the induction of almost complete hypoxemia and after the subsequent reinsti- 
tution of air breathing and 2) on the response to the injection of epinephrine 
before, during and after the h 3 p)oxemic phase. 

METHODS 

Thirty-four dogs weighing from 6 to 17 kgm. were anesthetized vuth intra- 
venous pentobarbital sodium (35 mgm/kgm.). Tracheotomy was performed and 
the vagi sectioned. Blood pressures were recorded from the femoral artery with 
a mercury manometer via ink VTiting on kymograph paper, or with the Hamilton 
manometer with optical recording of the pressure pulses. In 32 animals, the 
chest was opened by splitting of the sternum, or by incision in the fifth or sixth 
intercostal spaces with wide retraction of the ribs and removal of the mediastinal 
septum. Positive blast respiration was used. 

It was found necessary to open the thorax to induce hypoxemia rapidly. Thus, 
when the positive pressure air respirator Avas disconnected from the tracheal can- 
nula, the lungs collapsed and e.xpelled most of their gaseous contents. Within 

1 Aided by the A. D. Kast Fund for Cardiovascular Research. The Department is sup- 
ported in part by the Miehael Reese Research Foundation. 
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a second or two, the tracheal tube was connected to positive blast from a nitrogen 
cylinder. On inflation with the nitrogen, the partial pressures of the gases in 
the lungs were probably now partitioned approximately as follows: a nitrogen 
tension of nearly 650 mm. Hg, a water vapor tension of about 50 mm. Hg (satura- 
tion at body temperature), an o.xygen tension approaching zero, and the remain- 
der carbon dioxide. Under these conditions, the circulating blood reaching the 
pulmonarj’- capillaries quicldy lost its oxygen via the lungs. Carbon dioxide was 
lost as in the normal animal. In this way we were able to set up a high oxygen 
gradient from the tissues to the lungs vdthout accumulation of carbon dioxide 
and rapidly deplete the oxygen reserves of the animal. As indicated by the blood 
pressure response this rapid rate of deoxygenation did not obtain when the chest 
was not opened since the lungs did not collapse, and some oxygen remained in 
the alveoli. Also, by giving artificial respiration we were able to eliminate the 


TABLE 1. Time and level of the maximal hypoxemic blood phesshre rise 


DURATION OF HVPOKEMIA 

NUIIDER OF TRIALS WITH 
HYPOXEMIC RISE 

AVERAGE lUXmAI. RISE OBTAINED 
rOR EACH CROUP 

seconds 


mm. He 

15 

0 

— 

30 

6 

21 

45 

9 

29 

60 

16 

33 

75 

9 

37 

90 

11 

25 

105 

8 

51 

120 

1 

46 

Total i 

1 

60 



effects of respiratory failure which occurs commonly before the failure o t e 
circulation. 

At the end of periods of nitrogen breathing up to 180 seconds, the respirator 
tube was disconnected from the nitrogen tank and, after a second or two, recon 
nected to the air supply. This reversal of oxygen gradient caused a rapid return 

of the blood oxygen saturation to normal levels. 

In some experiments epinephrine (0.5 mgm.) was injected into the femora vein 
or into the left ventricle at various times, before and during the hj’poxemic p ase 
and also during the post-hypoxemic re-oxygenation phase. 

results 

1. Effect of hypoxemia on the hlood pressure. Immediately after the institu 
tion of nitrogen breathing, in 60 out of 70 trials, a progressive rise in mean ar ena 
pressure for periods varying from 30 to 120 seconds and averaging 70 ® 

(hypoxemic pressor phase) was observed. The average rise observed was mm- 
Hg, but in some instances it rose as much as 120 mm. Hg. The aveiage a, a 
are given in table 1, and typical records in figures 1 and 4. No hypoxemic rise 
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was seen in 10 trials in 2 dogs which consistently failed to show this hypoxemic 
rise. 

As the hypoxemia continued, the blood pressure leveled off, was maintained 
at its peak value for 15 to 45 seconds and then began to fall abruptly (hjiioxemic 
depressor phase). This occurred usually after about 75 seconds of hypoxemia 
(range 30 to 120 seconds). Within 30 seconds, most of the blood pressures had 
already fallen to the pre-hypoxemic level. The pressure continued to fall to 
very low levels with circulatory failure and extreme dilatation of the heart occur- 
ring within a few minutes. 

2. Effect of re-oxygenation. After 0 to 90 seconds in the hypo.xemic depressor 
phase, air breathing was reinstituted in 65 trials. In 56 of these (90 per cent) 
the blood pressure was seen to rise sharply within the first 10 seconds. In most 
instances this pressor action produced values considerably above the control blood 
pressure level and even above the maximal pressure attained in the hypoxemic 



Fig. 1. Fffbct of breathing 100 per cent nitrogen and reinstitution of air breathing in 
open-chested anesthetized dogs on the blood pressure recorded optically with the Hamilton 
manometer. Upper curve is blood pressure; lower curve, positive pressure respiration via 
automatic respirator (upstroke represents inspiration) . Nitrogen breathing begun at break 
in respiration record at which amplitude of respiration line decreased. Air breathing re- 
sumed at break at which amplitude increased. Time, in seconds, recorded at bottom. 
Note the pressor effect early in hypo.xemia, later giving way to a progressive fall in pressure. 
On resumption of air breathing, a marked pressor effect is seen. 

pressor phase. The time of occurrence of the maximal pressure levels and their 
increase above the control level are showm in table 2. 

3. Relation between the duration of the hypoxemic depressor phase and the degree 
of the post-hypoxemic blood pressure rise. A correspondence was found betw'een 
the duration of the hj^ioxemic depressor phase and the degree of the post-hypox- 
emic rise. This is illustrated in figure 2 on data from three consecutive experi- 
ments. It can be seen from the curve that the post-hj''poxemic pressor effect 
was minimal in animals subjected to short periods of hjTJOxemia (60 secs.) and 
in w'hich no significant depressor phase was noted. In the animals in wdiich a 
depressor phase was seen, i.e., those with a longer period of hypoxemia, the post- 
hy^ioxemie pressor effect w'as noticeably increased, and roughly in proportion 
to the duration of the depressor phase. 

The duration of the post-hypoxemic pressor phase, measured as the time of 
return from the peak attained during the post-hypo.xemic rise to the control 
pressure level, wms in general a function of the magnitude of the rise above the 
previous level. 
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TABLE 2. Time of occurrence of the maximal pressure levels during the 

POST-HYPOXEMIC PRESSURE PHASE 


DURATION or THE ROST-nYPOXESnC 
PERIOD 

NUitBER or trials WITH HAXIitAL RISE 
ATTAlKKti IN EACH STATED TIME PERIOD 

AVERAGE MAXIMAL RISE AB0\'E 
CONTROL VALUES OBTAINED 
rOR EACH GROUP 

seconds 


tnm. Hg 

15 

5 

44 

30 

14 ; 

76 

45 

16 

68 

60 

8 

77 

75 
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59 

90 
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NITROGEN BREATHING “SECONDS 

Fig. 2. Scattehgrasi relating duration of hypoxemi.a to tlie post-hj poxemic 
LTterial pressure. Abscissae give time in seconds of nitrogen breathing, or ina es, 
n blood pressure above control level in post-hj'poxemic period. 
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4. Cardiac changes observed during (he adminislration of nitrogen. Shortly af- 
ter the institution of nitrogen breathing, there was a tendency for the heart rate 
to accelerate, with a more forceful systolic contraction. As the blood pressure 
peak was reached during the hypoxemia period, the heart was observed to be 
beating vigorously and at a somewhat faster rate than originally. This continued 
into the phase of falling blood pressure. As the hypoxemia continued, the heart 
began to dilate and systolic contraction became weaker. In late hypoxemia, 
the heart was enormously dilated, contractions were feeble and A-V block super- 
vened. When the hypoxemia was continued bejmnd this phase, the heart 
stopped in diastole. 

5. Cardiac changes observed upon the rcinslitulion of air breathing. The cardiac 
changes observable upon the reinstitution of air breathing were dependent upon 
the stage to ivhich the anoxia had been prolonged. When the heart had pre- 
viously become dilated, with iveak contractions at a slowed rate, a latent period 
(usually of 15-30 seconds) supervened following the resumption of air breathing. 
The heart rate then began to increase, contraction became more vigorous and the 
heart size decreased. In another 15-30 seconds the heart was beating vigorously 
and rapidly. During this period, the blood pressure increased rapidly toward 
its post-Kypo.xemic peak. The greater the duration of hypoxemia and the more 
severe the cardiac depression before resumption of air breathing, the longer was 
the latent period before recovery was seen. This effect can be seen in table 2. 
In several instances the hypo.xemie depression of the heart was so profound that 
recovery did not take place with reinstitution of air breathing. Manual massage 
of the heart sometimes aided in recovery in such instances, although occasionallj’’ 
ventricular fibrillation developed as a result of this procedure. 

6. Effect of hypoxemia on the blood pressure response to epinephrine. The usual 
effect of an injection of 0.5 mgm. of epinephrine into the femoral vein or left 
ventricle of the normal dog is a very rapid rise in pressure averaging 166 mm. Hg, 
with dissipation of the pressor effect in four or five minutes (fig. 3). When 
epinephrine was given at the onset of the hypoxemic period, the usual pressor 
response was seen, but the rise was not sustained as the animal went into progres- 
sive hypoxemia (fig. 5). When the epinephrine was given during the period of 
nitrogen breathing just prior to the time when the maximal pressure level was 
expected, the blood pressure would begin to increase but would fall again after 
a few seconds; i.e., the epinephrine pressor effect appeared to be aborted. During 
the early hypoxemic depressor phase, epinephrine injection resulted in an evanes- 
cent rise in pressure which quickly gave way to a fall in pressure even more 
marked than occurred normally. When the epinephrine was given in the late 
hjqioxemic depressor phase, no change in the downward slope of the pressure 
curve was seen (fig. 7). 

Although the pressor effect of the injected epineplu-ine was inhibited during 
the hj^po.xemic phase, it was again manifested after the reinstitution of air breath- 
ing. This was seen in the increased vigor of cardiac systole and in a greater than 
noimal arterial pressure rise in the post-hypo.xemic phase (compare figs. 5, 6 and 7 
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Fig. 3. Effect of left intraventricular injection of 0.5 mgm. epinephrine on the 
blood pressure (upper curve) when animal was breathing air. Pressure recorded wdth a 
damped mercury manometer from the femoral artery. Calibration at left. Bottom line 
indicates time in 15-second intervals. Injection at E (this gives rise to irregularities of 
pressure curve preceding injection due to artefacts introduced bj' inserting needle into left 
ventricle). Following E there is an immediate rise in pressure reaching a maximum in 
about 20 seconds and falling off during the ne.xt few minutes. t • \ 

Fig. 4. Effect of nitrogen breathing (N) and reinstitution of air breathing ( } on 
the blood pressure. Conventions as in figure 3. There is a slight rise in pressure o ovmg 
nitrogen breathing giving way after about a minute to a rapidly falling pressure. ir 
breathing is followed after a brief latent period by a marked pressor response a ove e 
control and hypoxemic pressure levels. The pressure then falls slowly to the contro eve . 

Fig. 5. Effect op epinephrine injected, as in figure 3, during the pressor p ase p ® 
nitrogen-breathing period. Conventions as in figures 3 and 4. Epinephrine v as injec e 
during pressor phase of hypoxemia. It caused a less marked and less sustame pr^sure 
effect than in figure 3; within about 30 seconds the pressure rise was rep ace J an a rup 
fall in pressure, steeper than in the depressor phase of the control experimen in gure . 
Within approximatelj' 20 seconds after resumption of air breathing the post- lypoxemic pre 

sor effect appears; it is more marked than in the control experiment in gure . 

Fig. 6. Effect of epinephrine injected, as in figure 3, during the ear y epressor p 
of the nitrogen breathing period. Conventions as in figures 3 and 4. pinep wine 
injected during the depressor phase of hypoxemia. It caused a s ig it pressm e ec , 
marked and more transient than in figures 3 and 5 (compare nith g. )■ e pos 
poxemic pressor effect was more marked than in the control expenmen in gure 
more protracted than when epinephrine was injected earlier during nitrogen rea ing 

Fig. 7. Effect of epinephrine injection, as in figure 3, during the ^te depressor phase 
of the nitrogen breathing period. Conventions as in figures 3 and 4. Epinep rinc vas 
jected during the late depressor phase of hypoxemia. It caused no pressor e ec 
hypoxemia period (contrast with figures 5 and 6). It may have had a mas "e 
effect. A marked post-hypoxemic pressor effect occurred, greater than in the con ro e. 
periment in figure 4 and also greater than in experiments where epinephrine was injec e 
earlier during hypoxemia. 
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with fig. 4). In 43 trials in wliich epinephrine was injected into the femoral vein 
or left ventricle during the hypoxemic phase, a heightened post-hypoxemic rise 
averaging 136 mm. Hg and ranging from 39 to 192 mm. Hg above the reference 
level was seen. Tliis compared Avith a post-hypoxemic rise of about 30 to 50 
mm . Hg in those animals not receiving epinephrine. Six trials showed no in- 
creased post-hypoxemic rise after epinephrine. These six trials included four 
trials in which no recoVery occurred and in which the circulatory failure was 
rapidly progi-essive, leading to death in a few minutes. 

Wlien epinephrine was injected earlj'' during the post-hypoxemic pressor period 
a very high pressure level was obtained without any significant latent period (see 
table 3), indicating a summation of the post-hypoxemic and epinephrine pressor 
effects. 


TABLE 3. Pressor action of injected epinephrine in normal, hypoxemic 

AND POST-HYPOXEMIC STATES 


CONDITION 

NO. OF 

EXPERIMENTS 

RESPONSE TO 0.5 MGM. EPINEPHRINE INJECTED 
INTO FEMORAL VEIN 

Control 

9 

immediate rise, averaging 166 
mm. Hg^ 

During early hypo.xemic pressor 



phase 

1 21 

immediate rise, averaging 63 
mm. Hgi 

During late hypoxemic depressor 



phase '. .. 

19 1 

little or no response until return 
to air breathing after .which 
pressor effect occurs in 15-75 
seconds and averages 140 mm. 
Hgi 

Post-hypoxemic phase 

5 

immediate rise, averaging 204 
mm. Hg* 


* Above control level. 


In order to eliminate the influence of variations in venous transport to the 
heart, injections were made directly into the left ventricle at various times during 
nitrogen breathing in five animals. In these experiments, in contrast with fem- 
oral injection, some pressor activity could be demonstrated during the early hy- 
poxemic depressor phase (fig. 6). In general, however, the arterial pressure 
responses to such intracardiac injections were similar to those observed with ' 
intravenous injection. Little or no pressor responses were obtained when epi- 
nephrine was injected into the left ventricle in the late hypoxemic depressor 
phase (fig. 7). Figures 3 to 7 illustrate the response to intraventricular injection 
of epinephrine in a single animal after varying periods of nitrogen breathing as 
compared to that after the injection of epinephrine during air breathing and as 
compared to the changes of hypoxemia alone. 

DISCUSSION 

e have presented a detailed study of the effects of acute severe hj'poxemia 
on the blood pressure. The pressor effects seen during the hypoxemic and post- 
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hypoxemic period have been observed pi*evioiisly (1-4). Earlier studies have, 
for the most part, been carried out on animals in which hypoxemia was induced 
by the breathing of air with low oxygen tensions as in the decompression chamber 
with mixtures of gases. In none, however, has there been a quantitative analysis 
of the effects of the more fulminating form of hypoxemia which we have pro- 
duced. 

It is clear that rises in blood pressure occur fairly constantly during early 
hypoxemia. With our technique this phase lasts for only a minute or so after 
the institution of nitrogen breathing. Following this, the blood pressure begins 
to fall and this depressor phase, if permitted to continue, results in death within 
a few minutes. Reinstitution of air breathing after various durations of the 
hypoxemic depressor period results almost always in an immediate and marked 
blood pressure rise. This rise is usually greater than the pressor effect seen dur- 
ing the early phase of nitrogen breathing. Our results indicate that the degree 
of this post-hypoxemic pressor effect is related to the duration of the hypoxemic 
depressor phase. 

Our results may be interpreted as indicating that the hypoxemia results in 
sympathetic stimulation and the liberation of a pressor, material which manifest 
themselves at once in the rise in arterial pressure. The rise with early hypoxemia 
appears to be due mainly and perhaps wholly to sympathetic stimulation (4, 5). 
However, as fhe hypoxemia is continued, a point is reached at which the pressure 
begins to fall. This fall in pressure is apparently due to a failure of the circula- 
tory system to respond to pressor states since subsequent re-oxygenation of the 
animal results in post-hypoxemic blood pressure rise. The magnitude o t is 
rise in pressure is independent of changes in the heart rate although these may 

occur (fig. 1). 1 ■ V. rl 

The fall from the hypoxemic peak is so rapid that the reference leve ® 

in about 30 seconds. While the rapid fall begins during a time when t e ear 
is not grossly dilated and appears to be pumping vigorously, most aut ors a 
tribute the fall solely to a diminished cardiac output (4, 6, 7). T is pom o 
view has been espoused on the basis of cardiometric and plethysmograp ic s u les 
and analyses of pulse pressure contour curves, but it has hot been concurre in 
by all (2). It is undoubtedly true that in the late stages of hypoxemia, ear 
failure is present as is indicated by the obvious marked dilatation an e i 
minished stroke volume. However, further attention must also be ocuse 
the failure of the peripheral blood vessels to maintain theii toim as a po^si e 
participating mechanism. In favor of this viewpoint is a report t at e iso a e 
leg perfused with anoxic blood shows a vasodilatation which gives ivay o vaso 
constriction when the leg is re-oxygenated (3). Further suggestive evi ence i 
present in the work of Dale and Richards (8) who reported that histamine cause 
no vasodilatation in the presence of blood or of gum-Locke solution ( ow oxyge ^ 
content) containing epinephrine, although it- did cause vasodilatation w en ep 
nephrine and blood (higher oxygen content) were present toget er in le pe 
fusing fluid. Because of the factor of cardiac failure which appears ate in seve 
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hypoxemia the role of the peripheral vessels cannot be assayed mth certainty 
from our data. 

The post-hypoxemic pressor effect persists after section of the cervical spinal 
cord (4, 10, 11). Stavraky (4) has reported that a substantial post-hypoxemic 
rise appears in adrenalectomized animals. The relationship between the dura- 
tion of the hypoxemic depressor phase and the degree of the post-hypoxemic rise 
which we found would indicate the accumulation of pressor material during the 
hypoxemic depressor phase which requires the presence of oxygen in the tissues 
for it to exert its pressor action. In the absence of oxygen this material does 
not lose its potential pressor effect, but accumulates so that its action is seen 
only after the re-oxygenation of the tissues. 

During the early stages of the hypoxemic pressor phase, epinephrine caused 
a rise in pressure which was aborted with the development of a greater degree 
of hypoxemia. When the epinephrine was given intravenously during the hy- 
poxemic depressor phase, no rise in pressure was observed until the reinstitution 
of air breathing. During increasing hypoxemia a progi-essive diminution of pres- 
sor response was seen. When oxygen was again made available to the tissues, 
the previously injected epinephrine manifested itself by a rise in pressure which 
was usually considerably greater than that seen in the control. In this way, the 
epinephrine acted to summate with the pressor material produced during the 
hypoxemic depressor phase. 

Our results suggest that epinephrine requires the presence of o.xygen in the 
blood stream and tissues in order to exert its pressor action. In the absence of 
oxygen, it fails to act, but apparently it is not destroyed at a significant rate. 
This dependence on oxygen for physiological action may be considered as sup- 
porting the contention of Blaschko and Schlossman (9), based on in vitro work 
with amine oxidase, that the degradation of epinephrine requires oxygen. How- 
ever, it is not yet clear whether the fall in pressure during the hypoxemic depres- 
sor phase and the inhibition of the pressor action of epinephrine are due to, an 
inability of the substances to act, or upon the failure of the heart and circulation 
as a result of the severe hypoxemia produced. 

Aside from their strictly physiological implications, our results are pertinent 
to the treatment of certain emergency conditions involving hypoxemia. It is 
common practice to inject epinephrine into the circulation or even directly into 
the heart in conditions of severe hypoxemia such as after drowning. Our results 
indicate that such injected epinephrine may fail to have the desired effect because 
of the low oxygen tension in the tissues. Further it appears that an epinephrine- 
like pressor material is elaborated during the period of hypoxemia and that this 
substance remains in the blood and tissues until adequate oxygen again reaches 
the tissues. The introduction of further pressor materials in such situations 
would appear to serve no useful purpose. Oxy^genation of the tissues is demanded 
before such endogenous or exogenous pi-essor materials can exert their beneficial 
effects. Furthermore, the intravenous or intracardiac injection of epinephrine 
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in severe hypoxemia may be deleterious since both hypoxemia and epinephrine 
can predispose the heart to ventricular fibrillation. 

SUMMARY 

1. Acute severe hypoxemia produced by nitrogen breathing in the anesthe’ 
tized dog caused a gradual rise in arterial pressure, reaching a maximal level in 
60 to 90 seconds. Continuance of nitrogen breathing beyond this time is fol- 
lowed by a rapidly progressive fall in pressure to shock levels. 

2. Re-oxygenation after a period of falling blood pressure results in a marked 
rise in pressure. This post-hypoxemic pressor effect is attributed to the accumu- 
lation of pressor materials which do not act in the absence of oxygen. 

3. Epinephrine injected during the hypoxemic depressor phase acts similarly 
in that its pressor action is held in abeyance until the animal is re-o.xygenated. 

4. Some physiological and clinical aspects of these findings are discussed. 
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Numerous repoi-ts suggest the significance of glutathione in the physiological 
and pathological processes of the human being and of various animals. Some 
normal blood levels of this compound in reduced form reported in the literature 
for various species are: human beings, 34.5 (1); horse, 32.6 (2); ass, 36.4 (2); 
mule, 36.1 (2); Bactrian camel, 24.2 (3); dromedary, 25.4 (3); hybrids of Bac- 
trian camel and dromedary, 26.4 (3); and rabbits of the breeds Champagne, 
47.6 (4), Flemish Giant, 40.0 (4), German Ermine, 45.6 (4), and scrubs, 43.7 mgm. 
per cent (4). According to one report (1) the nonnal content of oxidized and 
total glutathione in human blood is 13.5 and 47.3 mgm. per cent, respectively. 

Although Harding and Cai-y (5) were able to demonstrate the presence of 
glutathione in the blood of the bovine, the blood levels in healthy cattle ap- 
parently have not been studied previously. In view of the suggested significance 
of glutathione in other species and the lack of data on the bovine, this study was 
initiated for the purpose of ascertaining the concentration of this substance in 
both sexes of healthy cattle of various ages and performing different physiological 
functions. The possible effect of diet upon the levels of glutathione in the blood 
of these animals was also investigated. 

EXPEKIMENTAL 

Blood glutathione was measured approximately monthly for 15 months in 12 
bulls constituting two groups in a feeding experiment and producing semen at 
va;rjdng rates, and in 49 cows and their 50 calves immediately followng parturi- 
tion. The cows composed four groups in an experiment designed to study the 
effects of various mineral supplements in the prepartal diet. Reduced, oxidized 
and total glutathione were determined in whole blood according to the method 
outlined by Woodward and Fry (6). 

KESULTS AND DISCUSSION 

Diet and blood glutathione. In a study of the relative merits of a simple and a ■ 
complex concentrate feed mixture for breeding bulls, no differences were found in 
the reduced, oxidized and total glutathione content of the whole blood of bulls 
receiving equal quantities of digestible nutrients in these diets. Since the com- 
plex diet provided much greater quantities of total protein (from a variety of 
sources), cnide fat, calcium, phosphorus, manganese, iron, cobalt, copper, vita- 
mins A and D and other factors than did the simple mixture, a dietary effect 

1 Paper of the Journal Series, New Jersey Agricultural E.xperiment Station, Rutgers 
University, Department of Dairy Industry. 

* Present address; Cornell University, Ithaca, New York. 

633 



634 


J. T. REID, G. M. WARD AND R. E. SALSBURY 


upon the level of blood glutathione in the bull seems remote. Since dietary 
influences appeared to be lacking, the data for the two groups of bulls were com- 
bined and are shown in table 1 . 

In an experiment in which calcium and various trace elements were fed to 
cows for at least two months prepartum, these elements did not elicit perceptible 
effects upon the blood glutathione of cows or their newborn calves as determined 
in blood procured immediately following parturition. 

Relation of age and colostrum ingestion to blood glutathione. The data presented 
in tables 1 and 2 demonstrate that the concentration of reduced and total gluta- 

TABLE 1. Relationship op age of bulls to blood glutathione levels 


Mean ± std. error 


AGE 

NO. CASES 

GLUTATHIONE (UGSI. %) 

Reduced 

Oxidized 

Total 

mo . 



! 


18-21 

24 

28.10 ± .73 

5.74 ±.42 

33.81 ± .78 

21-24 

35 

30.71 ± .90 

8.40 ±.34 

39.11 ± .85 

24-27 

47 

34.93 ± .72 



27-30 

22 

34.90 ±1.22 



30-33 

33 

41.51 ± .93 

6.34 ±.45 

47.11 ±1.34 


TABLE 2. Blood glutathione of cows and theib newborn calves 


BOVINE 


All cows 

All newborn calves 

Newborn bull calves, . 
Newborn heifer calves 
Calves (no colostrum) 
Calves (colostrum) , . . 


Mean ± std. error 


NO. CASES 


49 

50 
26 
24 
43 

7 


GLUTATHIONE (lIGlI. %) 


Reduced 

Oxidized 

Total 

38.29 ±1.26 
56.36 ± 2.10 
55.53 ± 3.64 
57.19 ± 2.14 
57.82 ± 2.12 
47.78 ± 6.74 

6.79 ± 0.82 

7.08 ± 0.86 

6.09 ± 1.20 
8.07 ±1.23 
7.21 ± 0.96 
6.33 ± 1.91 

45.08 ± 1.28 
63.44 ± 1.93 
61.62 ± 3.13 
65.26 ± 2.28 
65.03 ±1.78 
54.11 ± 6.38 


thione in the blood of the bovine varies with age, whereas the quanti y o oxi 
dized glutathione remains within fairly restricted limits. Since t e oo o 
newborn calves (average age less than one hour) contains signi 
quantities of both reduced and total glutathione than their ams ( p' ® „ 

other animals studied (table 1), it would appear that ® 

time between birth and 18 months of age. The data fuit ei in ® ^ 

increase, in the levels of these constituents accompanies aging o u ^ 
to 33 months (table 1). The cows used in this study range rom ® 
months of age. "When these animals were grouped according to age in mon 
intervals, no mathematically significant differences were found between ' 

This observation rvould indicate that the levels of glutathione lemam air 
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fixed at maturity or that the picture relative to the influence of age on the blood 
level of glutathione is obscured by the physiological changes occurring in the cow 
at the time of parturition. 

The figures shovm in table 2 for seven calves which had ingested colostrum be- 
fore blood was obtained for analj'^sis, at an average age of 4.5 hours, would indi- 
cate that both the reduced and total glutathione concentrations decrease rapidly 
following colostrum ingestion. Perhaps the greatest proportion of the decrease 
in glutathione concentration from birth to 18 months of age occurs during the 
very early life of the calf. Similar levels of reduced, oxidized and total gluta- 
thione were found in the blood of the newborn calf regardless of sex. 

Effect of semen 'production upon the reduction of oxidized ghdathione in blood by 
metallic zinc. It will be noted that no values for oxidized or total glutathione 
are given in table 1 for bulls 24 to 30 months of age. Although an attempt was 
made to measure these constituents, some factor (s) appeared to be present in 
the blood which precluded a successful determination. The difficulty seemed to 
be associated with a brovmish discoloration of the filtrate, a lack of bubbling 
when zinc dust was added to the acid filtrate (during which process-oxidized 
glutathione is normally reduced, allowing its quantitative measurement) and, 
in a few samples, some slight oxidation of reduced glutathione. These symp- 
toms suggested that the failure to reduce oxidized glutathione and, thereby, the 
failure to measure total glutathione were due to some fault of the zinc or acid 
used. The use of a number of different lots of zinc and sulfosalicylic acid and 
different inorganic acids, however, failed to remedy the condition. During this 
period (24-30 months of age) the bulls were yielding semen at fairly high rates 
(average per bull, 1.41 ml. per day). When these animals were rested, it was 
found that the total and oxidized glutathione could again be measured. There- 
fore, it appeared that some property of the blood during the periods of high 
semen yield inhibited the reduction of oxidized glutathione by zinc, although the 
possibility of hydrolysis of oxidized glutathione to cystine (7) cannot be elim- 
inated. A similar condition was reported by Dohan and Woodward (8) and 
Woodward (9) for human blood. These workers (8) using electrolytic reduc- 
tion showed that oxidized glutathione is not bound by the proteins of blood as 
suggested by Quensel and Wachholder (10) as the reason for the failure to re- 
cover oxidized glutathione in acid filtrates, following zinc reduction. Woodward 
(9) and Dohan and Woodward (8) proposed that the blood contributes some- 
thing to the filtrate which leads to inhibition of zinc reduction. This difficulty 
appears to be obviated by electrolytic reduction (8). 

SUMMARY 

A study was made of the levels of reduced, oxidized and total glutathione in 
the blood of breeding bulls and in that of cows and their newborn calves immedi- 
ately following parturition. 

Although diet within the limits emplo 3 md in this stud}^ did not influence the 
concentration of glutathione of either foim in bulls’ blood, the levels of reduced 
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and total glutathione gradually increased as age progressed from 18 to 33 months. 
Following parturition, similar levels of glutathione were found in the blood of 
cows ranging from 29 to 155 months of age. 

Calcium fed two months prepartum as the only supplement and in conjunction 
with various trace elements in a basic dry-cow feed did not significantly affect 
the levels of glutathione of either state in the blood of the dams or their newborn 
calves as determined in blood taken soon after parturition. The blood of the 
calves, however, contained significantly greater quantities of reduced and total 
glutathione than that of their dams or of any of the animals studied. Calves 
having ingested colostrum before blood was obtained for analysis, at an average 
age of 4.5 hours, showed markedlj'’ lower concentrations of reduced and total 
glutathione than those which had not received this food. These data suggest 
a rapid decline in blood glutathione during the early life of the calf. Similar 
levels of glutathione were found in the blood of newborn calves regardless of sex. 

Age, sex and diet did not appear to be related to the level of oxidized gluta- 
thione, as the concentration of this compound was similar for all animals studied. 
The failure to measure oxidized glutathione in the blood of bulls yielding large 
quantities of semen was attributed to changes occurring in the blood under these 
conditions which inhibit the reduction of oxidized glutathione by metallic zinc. 


REFERENCES 

■ 1. Lovtskii, E. a. and L. I. Dikhovichnaya. J. Med. Ukraine 11: 267, 1941; Chem. Abs. 
37: 175, 1943. 

2. Patrusev, V. I. Izv. Akad. Nauk SSSR. (Otd. mat.-est., Ser. biol) 929, 1938. An. 

Breed. Abs. 7: 100, 1939. . , v a 

3. Patkusev, V. I. Izv. Akad. Nauk SSSR. (Otd. mat.-est., Ser. biol.) 917, 1938. An. 

Breed. Abs. 7: 146, 1939. 

4. Filippova, L. A. Usp. zooteh. Nauk6: 144, 1937. An. Breed. Abs. 7:32, 1939. 

5. Hahding, T. S. and C. A. Cary. Proc. Soc. Exp. Biol. Med. 23: 319, 1926. 

6. Woodward, G. E. and E. G. Fry. J. Biol. Chem. 97 : 465, 1932. 

7. Woodward, G.E. Biochem. 1.33:1171,1939. 

8. Dohan, Jr S. AND G. E. Woodward. J. Biol. Chem. 129: 393, 1939. 

9. Woodward, G. E. Personal communication, 1947. 

10. Quensel, W. AND K. Wachholder. Z. physiol. Chem. 231: 65, 1934. 



EFFECT OF ADMINISTERING AGENIZED AMINO ACIDS AND 
WHEAT GLUTEN TO DOGS^ 


G. W. NEWELL, S. N. GERSHOFF, F. H. FUNG and C. A. ELVEHJEM 

From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin 

Received for publication January 8, 1948 

During the past twenty-five years different theories have been suggested as to the 
cause of canine hysteria or so-called Tunning fits.’ A comprehensive survey of 
the problem, made bj’’ Hewetson in 1936 (1), revealed that no definite cause of 
the disease was known at that time. Arnold and Elvehjem (2) suggested that a 
deficiency might exist in the ration of dogs which developed fits. In 1944, 
however, Wagner and Elvehjem (3) demonstrated that running fits were due to a 
toxicity brought on when high levels of wheat gluten were fed to dogs. A report 
by Mellanby (4) showed that fits occurred when wheat flour was treated with a 
commercial bleaching agent, nitrogen trichloride (agene). Untreated flour fed 
as long as sixteen weeks caused no untoward reactions. Moran (5), Newell 
et al. (6) and Silver et al. (7), confirmed Mellanby ’s work and also showed that 
other food products such as casein, zein, wheat gluten, rye and gelatin can in- 
duce fits when they are treated with nitrogen trichloride. 

Although the general symptoms of running fits have been recognized for a 
long time, no intensive investigations have been undertaken to determine if 
physiological changes take place when the dog develops the seizures. Arnold 
and Elvehjem (2) were unsuccessful in preventing the occurrence of fits when 
lysine dihydrochloride was administered intravenously. Supplements of thi- 
amine hydrochloride given orally or intraperitoneally and oral supplements of 
choline chloride were found by Morgan and Groody (8) and Wagner and Elveh- 
jem (3) to be ineffective in preventing fits. The latter group (3) and Mellanby 
(4) reported that a vitamin A deficiency did not cause fits and that supplements 
of the vitamin had no effect in the prevention or cure of the disease. 

The experiments reported here were begun in an attempt to determine if any 
changes occur in the blood of dogs when they develop fits. Results obtained 
when agene-treated products were fed to dogs, previouslj'- ‘sensitized’ with 
agenized flour, are also included. 

EXPERIMENTAL 

Weanling mongrel dogs up to six months of age were used in these experi- 
'ments. Each animal was dewormed, dusted with DDT, immunized against 

' Published with the approval of the Director of the Wisconsin Agricultural E.vperiment 
Station. This work was supported in part by grants from the Wallace and Tiernan Com- 
pany, Inc., Newark, New Jersey, and from The Wilson Company, Chicago, Illinois. We 
are indebted to Dr. H. K. Parker of Wallace and Tiernan Company and to Dr. Bettv Sul- 
livan of The Russell-Miller Milling Company for preparing the agenized amino acids.” 

637 



638 


NEWELL, GERSHOFF, FUNG AND ELVEHJEJI 


distemper and then transferred to a basal control ration (6) before use in the 
subsequent experiments. The animals were kept in a heated, lighted room in 
individual heavy wire mesh cages, the floors of which were concrete and covered 
with wood shavings. Under these conditions it was possible to make close 
observations of each animal and to follow its daily food consumption. 

The general procedure followed, during the experiments on blood physiology, 
was to maintain healthy dogs on the basal control ration for a week or more 
during which time 10 cc. blood samples were removed daily before feeding. 
Agenized wheat gluten was then substituted in the ration in place of casein. 
Blood samples were taken for several days after the onset of fits was first ob- 
served. As is shown in the tables it was often possible to obtain samples when 
a dog was in the convulsive state. At the end of each experiment, dogs which 
had received fit-producing rations were transferred to the basal control ration 
for a recovery period of at least a week. By this procedure it was possible to 
use each dog for several experiments. 

All blood was drawn from the radial vein. The prothrombin time of the 
plasma was determined by the method of Campbell e( al. (9) and was estimated 
by the number of seconds required for a clot to form in 12.5 per cent plasma con- 
taining known amounts of calcium and thromboplastin. The thromboplastin 
was prepared at regular intervals from normal rabbit brain. Blood samples 
for the determination of serum calcium obtained in a diy, unoxalated syringe 
were carried out according to the method of Clark and Collip (10). To prevent 
clotting of samples, oxalated or heparinized blood was used in all other analyses. 
Hemoglobin determinations were carried out by the method of Evelyn (11). 
Routine red and white cell counts w^ere made and hematocrit values were o - 
tained with Wintrobe tubes. Blood sugar values were determined by t e me lo 

of Folin (12). , 

Supplements of calcium pantothenate, potassium, magnesium, se emum an 
treated and untreated amino acids were administered orally, intravenous y or 
subcutaneously as described later in an effort to suppress or induce 
tures of the more insoluble amino acids Avere put in solution Avith 2 i a an 
adjusted to pH 7.3 with HCl. To ‘sensitize' the dogs, rations Avere fed wlucia 
contained agenized Avheat gluten or flour. When fits developed t e asa ra ion 
Avas substituted and the dogs AA'ere alloAved to return to their norrna sta e. es s 
AA'ere then carried out to see if the sensitized animals develope ts aa en non 
agenized protein products or amino acids AA'^ere fed. At the same tiine, con lo 
dogs Avhich had never received agenized materials Ai^ere tested in a simi ar man 
ner. All amino acid supplements Avere fed daily at a rate equivapn o e 
amount of that particular amino acid AA^hich Avould be present in grams^ o 
AA'heat gluten. A dog normally consumes 200 grams of the gluten ration (aa nc 

contains 40 grams of AA'heat gluten) per day. 

In the water retention studies, dogs were kept in all-metal metabo ism cages 
before the gluten ration was begun. Weights Avere recorded, measure ® 

of Avater consumed, urine excretion, and food consumption tabulate ai y. 



EFFECTS OF AGENIZED AMINO ACIDS 


639 


RESULTS 

In tables 1 and 2 data are presented Avhich summarize the experiments made 
on the composition of the blood of the dogs. These animals were selected from 


TABLE 1. Effect of agenized wheat gluten on the blood composition of dogs 


DOG 

DATE 

WT. 

HEMO- 

GLOBIN 

HEMATO- 

CRIT 

RED 

BLOOD 

CELL 

WHITE 

BLOOD 

CELL 

Ca 

GLUCOSE 

PRO- 
THROM- 
BIN TIME 

COMMENT 



kgm. 

mgm. 
per cent 

mgm. 
per cent 

Mxl/cmm. 

No/cmm. 


mgm. 
per cent 

sec. 


128 











Basal 

3/31 

mi 

11.07 

32.0 

2.17 

8600 

11.6 

97 

26 


ration 

4/2 

mS 

9.34 

36.0 

3.36 

6120 

10.6 

108 

26 



4/4 

SI 

9.34 

34.5 

3.25 

6560 

9.4 

107 

26 


Gluten 

4/7 


9.80 

34.5 

2.04 

7200 

12.3 

105 

22 

Fits ob- 

ration 

4/8 


9.88 

33.0 

1.85 

6240 

11.9 

105 

23 

served 


4/9* 

By 

9.88 

34.0 

2.43 

5680 

11.7 


25 


132 











Basal 

2/11 

4.05 

9.26 

26.4 

3.42 

6425 

11.6 

97 

26 


ration 

2/12 

4.15 

7.80 

27.3 

1.98 

4560 

10.5 


28 



2/13 

4.05 

9.26 

27.8 

3.85 

4120 

10.6 


26 


Gluten 

2/16 

3.80 

8.05 

21.8 

2.93 

4700 

11.9 


24 

Fits ob- 

ration 

2/17* 

3.75 

10.87 

29.4 

3.65 

6000 

12.3 


26 

served 


2/19 

3.85 

9.06 

23.7 

2.88 

6400 

11.9 


25 


137 











Basal 


BE 

9.88 

27.0 

2.12 

KJngi| 

10.7 

102 

30 


ration 

3/21 

BE 

8.74 

27.0 

2.67 


10.5 

104 

27 



3/22 

5.15 


28.5 

2.02 


11.8 

104 

29 


Gluten 

3/26 

4.95 

9.34 

31.5 

3.53 


11.7 

90 

37 

Fits ob- 

ration 

3/27 

4.95 

9.34 

33.0 

1.92 



81 


served 


3/29* 

4.90 

7.48 

26.5 

2.38 


11.5 

85 

34 


136 




M 







Basal 

2/16 

liflSfi 

8.68 

mm 







ration 

2/17 

IEkS 

HI 


m 


HQ 





Gluten 

2/19 

2. 1C 

7.90 

17.5 


7120 




Fits ob- 

ration 

1 2/21 

1.9C 

8.88 

21.6 

1 3.59 

9870 




served 


' Bled during seizure. 


a larger group of dogs tested and for the sake of brevity the results are presented 
as a repiesentative sampling of the data obtained. No appreciable changes 
Avere found in the values for hemoglobin, hematocrit, red blood cell count, 
white blood cell count, calcium, glucose, prothrombin, phosphorus, sulfm- or 
%utamin C. Vitamin C values tended to vary but no definite trend Avas indi- 
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,cated. Even when blood was withdrawn during a seizure, there was no change 
beyond the normal limits. 

TABLE 2. Effect of agenized wheat gluten on the 

BLOOD COMPOSITION OF DOGS 


DOG NO. 

DATE 

MAGNESIUM 

POTASSIDil 

PHOSPnORUS 

SULtUR 

VITAMIN C 

Basal ration 


■■■ 

ttgm. per cent 

mgm. per cent 

mgm. per cent 

mgm. per cent 

mgm. percent 

21 


1.8 

15 

38 

1.4 

0.75 

242 


1.3 

14 

34 

— 

1.10 

243 

■B 

1.9 

14 

36 

1.5 

1 

1.10 

Gluten ration 

21 

8/23 

2.9 

40 

41 

mm 

’ 0.40 

242 

8/23 

3.3 

26 

32 


1.40 

243 

8/23 

2.G 

18 

39 


0.75 


TABLE 3. Water retention studies of dogs maintained on the basal ration 
(20 PER CENT casein), AND ^ON A RATION CONTAINING 20 PER CENT WHEAT GLUTEN 


DOG NO, 

DATE 

WEICDT 

WATER CONSDUED 

WATER RETENTION 



kgm. 

ec.‘ 

cc. 

128 




120 

400 

Basal ration 

3/10 

11 

4.00 

3.85 

480 

600 


12 

3.95 

370 

110 


13 

4.20 

620 

320 

Gluten ration 

18 

19 

4.65 

4.60 

950 

940 

250 

250 


20 

4.75 

900 

400 


21 

4.75 

1000 

420 

137 

Basal ration 

3/10 

11 

12 

13 

4.45 

4.65 

4.70 

4.70 



Gluten ration 

18 

19 

20 

21 

4.95 

5.10 

5.10 

5.15 

1000 

860 

710 

860 



Results obtained for magnesium and potassium when dogs uere e age 
wheat gluten showed an increase of 22-166 per cent above the norma va 
It will be observed that for each dog tested, there was a marke increas 

these values when agenized gluten was fed. . -mnic 

In table 3 are summarized the results obtained with representative am 
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in the water retention studies. No variation in the water balance was noted 
when agenized gluten was fed in comparison to the water balance observed when 
the animals were fed the basal ration. Although the absolute water consump- 
tion and water retention had increased somewhat by the end of gluten feeding, 
it must be remembered that young dogs were used and a gradual weight increase 
was evident in all animals. 

Since large amounts of wheat are grown in areas where selenium is present in 
the soil, it was earlier considered that running fits might be due to a to.xicity of 
this element. Anderson and Moxon (13) have reported that Se toxicity in dogs 
is not observed until it is injected at a level of 1. 5-2.0 mgm. per kilo of body 
weight. Analyses of several samples of wheat gluten gave values for Se far 
below those causing toxic effects in dogs when a comparable amount of gluten 
was included in a ration. As calculated from the values of Se in the gluten ash, 
0.2 mgm. of Se would be consumed by a dog in a five-day period while developing 
fits on a gluten ration. One dog was thus injected subcutaneously with 0.2 
mgm. Se as NajSeOa. No toxic symptoms were observed during the next three 
days at which time one mgm. of Se per kilo Avas administered subcutaneously. 
The dog Avas normal the next two days. On the sixth day 2.0 mgm. of Se per 
kilo Avere given subcutaneously. Forty-five minutes later the dog Avas ataxic 
and its breath was heavy Avith a garlic odor characteristic of Se poisoning. The 
dog became progressively AA'eaker and Avas found dead the next day. At no 
time AA’-ere there any S3Tnptoms of running fits. . 

To determine if magnesium has any effect in preventing fits tAAm dogs having 
seizures AA^ere giA'^en 120 mgm. Mg, as MgCb, intravenously. Twelve hours 
later the animals AA^ere still shoAving fits and Avere then given one gram, each, of 
Mg subcutaneously. ConAuilsive seizures continued for three more days, 
folloAved by the death of one animal. 

One dog Avhich had several attacks of fits Avas given 100 mgm. of potassium, 
as KCl, intravenously. No decrease in seizures AA^as observed and the procedure 
AA'as repeated the folloAving day. Partial blindness, characteristic of an ad- 
vanced stage of fits, Avas still evident tAAm days later. Ataxic hind legs also 
indicated that K has no therapeutic effect in running fits. 

A dog with fits Avas given 15 mgm. of calcium pantothenate intravenously 
folloAA'ed by a second injection of 20 mgm. the next day. Seizures and all typical 
sjTnptoms of fits AA^ere observed the second and third day after treatment. No 
improvement Avith calcium pantothenate AA'as indicated. 

In AueAA^ of the results obtained by Silver et al. (7), using agene-treated amino 
acids to induce running fits, it Avas decided to study the effect of both orally and 
intravenously administered amino acids. Tavo dogs, AA-^hile on the basal i-ation, 
AA’ere given seA'^en grams of non-agenized glutamic acid daily. The amino acid, 
dissoNed in dilute HCl, Avas fed by stomach tube for three days. No supple- 
ments AA-ere administered the next tAA'o days. For the next tlnee days, glutamic 
acid, treated mole per mole Avith agene, Avas fed by stomach tube at the rate of 

seven grams per day. Both animals remained normal thi-oughout this experi- 
mental period. 
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The same procedure was used to test the effect of untreated and treated 
tyrosine when 1.26 grams ot the amino acid were fed by stomach tube to two 
dogs. No toxic effects were observed in either animal. 

One hundred grams of dl-methionine, treated with agene at 50 grams per kilo 
ot methionine, were incorporated in two kilos of basal ration, at the expense of 
sucrose. One dog consumed 100 grams of this ration a day for twenty days 
without showing any symptoms of running fits. Methionine sulfoxide was then 
prepared according to the methods of Toennies and Kolb (14 and 15) and fed 
m the basal ration at 0.6 per cent to one dog for 10 days. No reaction was 
obseived. On the eleventh daj’-, 2.4 grams of methionine sulfoxide were in- 
jected intiavenously into this animal. An electroencephalogram record Avas 
taken at frequent intervals for the next hour but no changes in the E.E.G., 
characteristic of fits, Avere recorded. 

Taa 0 yoiing non-sensitized’ dogs AA'ere fed 100 grams of the basal ration per 
day , containing one per cent highl}'' agenized cystine, for a period of eight days. 
Theie AA'as no eAudence of running fits. A dog, preAdously ‘sensitized’ when fed 
the agenized gluten, received by intravenous infusion a mixture of the folloAAung 
highly agenized amino acids: three grams cystine, tAA'o grams methionine, tAA'o 
grams tryptophane. There AA'ere no fits during or after the test. 

Mixtures of each of the folloAAing highly agenized amino acids have been in- 
corporated into the basal ration and fed for a period of ten days: 16 grams cystine 
and 16 grams valine, 16 grams cystine and 32 grams valine, 16 grams cystine 
and 7 grams serine, 16 grams cystine and 14 grams serine. Each mixture AA^as 
fed to a ‘non-sensitized’ and to a ‘sensitized’ dog but in no instance AA-ere any 
fits indicated or observed. 

Two dogs, one ‘sensitized’ and one ‘non-sensitized’ v'ere each given daily 
intravenous injections of tAAm grams of agenized cysteine for a three-day period. 

No reaction AA^as observed in either dog. Cysteic acid, an oxidation product of 
cysteine, AA^as gwen I.V. at the rate of 1.25 grams per day for two days to tAAm 
dogs. Neither the ‘non-sensitized’ nor the ‘sensitized’ animals came doAvn AAuth 
fits. 

One gram of agene-treated tryptophane was fed by stomach tube to a young 
dog. A second animal received tAAm grams of the material by stomach tube. 
Both dogs remained normal. 

A mixture of amino acids, containing the amino acids knoAAm to exist in AAdieat 
gluten, AA'ere heavily treated AA'ith agene and then incorporated in the basal 
ration at the expense of half the casein. This. ration AA^as fed to tAAm dogs for 12 
days AAuthout any evidence of fits. The animo acids consumed daily by each 
dog AA'ere equwalent to those present in 40 grams of AA'heat gluten. Repeated 
experiments have shoAAm that if a dog consumes 80 grams of gluten, treated at 
20 grams per caaT. AA'ith agene, the animal AA'ill consistently develop seA'ere fits. 

FNe grams of glutathione AA'ere treated AA’ith 2 grams of agene and then incorpo- 
rated into the basal ration at a level of 0.5 per cent. One dog fed this ration for 
eight days remained noi'mal throughout the test. 
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DISCUSSION 

Although there was some variation between dogs in the case of each blood 
component determined, the data clearly show that those changes observed were 
consistent for all animals. There was an increase in the blood magnesium of 
dogs which developed fits, but intravenous injection of the element into animals 
fed a fits-producing ration did not precipitate seizures. Orent, Kruse and Mc- 
Collum (16) have reported that dogs with a magnesium deficiency exhibit hyper- 
excitability and convulsions. Potassium also increased in the blood when 
agenized gluten was fed but it would seem that although there is a notable 
increment of this element when a dog develops seizures, the high blood potassium 
is not important in running fits. Even intravenous injections of KCl to dogs 
exhibiting intermittent fits did not increase the frequencj’’ or severity of the 
seizures'. Earlier, Melnick and Cowgill (17) showed that the blood non-protein 
nitrogen values of dogs were essentially normal before and after the adminis- 
tration of gliadin. They concluded that no significant uremia existed when 
dogs develop running fits. Results of the present study on the blood and on 
the water retention of dogs tend to support that conclusion. 

Schaefer, McKibbin and Elvehjem (18) have described a sudden prostration, 
convulsions, and gastrointestinal symptoms in pantothenic acid deficient dogs. 
Calcium pantothenate in this case did not have a therapeutic effect when it was 
administered to dogs having intermittent seizures. 

Silver et al. (7) have reported that running fits can be induced in dogs when the 
animals are first ‘sensitized’ by feeding agenized flour rations and then injected 
with agenized amino acids. It must be emphasized that the seizures only oc- 
curred, on injection of amino acids, after the dogs had first been on a fits-produc- 
ing ration for periods up to two weeks. Dogs in such a condition might easily 
develop a convulsive seizure when any foreign material is injected into the 
blood stream. In 12 dogs fed a non-agenized flour ration and then injected 
with agene-treated amino acids, only 4 animals showed E.E.G. changes sugges- 
tive of a sub-clinical seizure condition. In no case were fits reported. 

The amino acids, cystine and cj'-steine, reported by Silver e( al. (7) to be active, 
have been fed b}'- mixing in ration, by stomach tube and by I.V. injection with- 
out causing anji- indication of even a mild fit. Until clinical convulsions can 
be precipitated by the toxic product isolated from agenized flour, when fed 
orally, the identity of the ‘running fits’ factor must remain in doubt. 

SUMMARY 

No consistent or significant differences ivere observed between values for 
hemoglobin, hematocrit, red blood cell count, white blood cell count, prothrom- 
bin time, glucose, calcium, phosphorus, sulfur or vitamin C of the blood of dogs 
Avhen fed agenized wheat gluten and when fed the basal ration. A definite 
increase in the blood magnesium and potassium was observed when the agenized 
wheat gluten was fed. 

Selenium toxicity in dogs is not related to the condition of running fits. In- 
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jection of magnesium, potassium or calcium pantothenate had no effect in pre- 
venting or lessening the intensity of the seizures. 

Various agonized amino acids were fed as part of a ration, by stomach tube 
or intravenously, but none of the 28 animals tested developed fits as a result of 
this treatment. 
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Data at present available on the pH of gastric mucus are so scant that they 
contribute little to the sum of knowledge about the physicochemical character- 
istics of this exocrine secretion. Most of the reports (on material from dog, 
cat and human) state that it is alkaline to litmus, but a few investigators found 
an acid reaction to this indicator or even to Congo red. In patients with no 
free acid, Bucher (1) usually obtained pH’s (colorimetric) in the range of 6.0 to 
6.6, with an occasional value as high as 7.2. Mecholyl, injected subcutaneously 
into two fasting patients, yielded secretion with a pH (electrometric) of 8.9 (10). 
When administered iontophoretically, however, this pharmacological agent 
yielded pH’s no higher than 8.3, but only a few values were reported (9). In 
dogs, the pH of mucus secreted spontaneously from both pyloric and fundic 
pouches was reported in the range 7.0 to 7.5 by Ivy and Oyama (7); Lim and 
Dott (8) found the same range for pyloric pouch juice, whereas Takata (11) 
reported 7.4 to 8.0. Similar material from cats had a pH of 8.4 (colorimetric), 
as reported by Gamble and Mclver (2). 

In the present investigation we determined the pH of a large number of speci- 
mens of mucous secretion, obtained from pouches of the gastric corpus in dogs. 
More than 575 values were obtained from both ‘spontaneous’ and chemically 
stimulated secretion, thus permitting of a statistical evaluation of the variability 
manifest in the work of previous investigators. Analysis of the opacity, con- 
sistency, and colunmar cell content of a majority of these same specimens has 
already been presented elsewhere (5, 6), . 

METHODS 

Almost all of the specimens of mucus employed for this study were collected 
from 10 Heidenhain pouch dogs; 15 of them were obtained from three other dogs 
with gastric explants prepared from the central portion of the greater curvature. 
Hence, the data relate to secretion from the gastric corpus — not the pyloric 
region. No experiment was ever started unless the mucosa was free of obvious 
parietal secretion, as evidenced by a pH of 6.0 or greater. The technique for 
establishing this condition, as well as all other details of collection procedure, 
have been described in a previous paper (5). Experiments were performed with 

^ Preliminary reports of this work were presented before the Federation of American 
Societies for Experimental Biology in 1941 and 1943. (Hollander and Felberg (3)- Hol- 
lander and Stein (4)]. ’ 

- This investigation was supported in part by grants from The*Altman Foundation of 
New York and Wyeth Inc. 
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the following stimuli : 1) gentle massage of the mucosa with a soft rubber catheter 
for 3 to 5 minutes; 2) distilled water saturated with ether (no greater than six 
per cent concentration at 30°C.); 3) five per cent aqueous emulsion of clove oil; 
4) aqueous eugenol emulsions in concentrations as high as five per cent; 5) ethyl 
alcohol, 50 per cent; 6) isotonic NaCI solution, 0.17 N ; 7) hypertonic NaCl solu- 
tion, 0.5 N ; and 8) distilled water. A set of data on 9) ‘spontaneous’ secretion 
was also included. These last specimens were obtained either during experiments 
without direct stimulation or during preliminarj’’ periods preceding the applica- 
tion of one of the aforementioned stimuli. It may be assumed that none of the 
stimulating fluids exerted any chemical influence on the pH values for the follow- 
ing reasons: a) the stimulating fluid was aspirated from the pouch almost com- 
pletelj’^ before the first specimen of secretion was collected ; b) this specimen was 
discarded whenever it contained any visible amount of the stimulus; c) the 
stimulating fluids were unbuffered in all cases. 

Electrometric pH determinations were made with a glass ebctrode. In 
general, no more than three minutes were inquired to attain constant readings, 
and these were found to persist for at least 15 minutes when a small series of 
specimens was studied for this purpose. Multiple determinations on any one 
specimen agreed within a range of ±0.02 pH, provided the specimens were 
shaken vigorously to effect homogenization before measurement. Without 
such shaking, duplicate determinations were liable to differ by as much as several 
tenths of a pH unit. After the reproducibility of this technique had been es- 
tablished, onl}'’ single determinations were performed. Since u'e ivere concerned 
with the pH values of mucous secretion, which was presumably free of parietal 
secretion, all values above 4.00 were included in the tabulation for statistica 
anabasis. 


RESULTS 

Combined data. A preliminary study of the frequency distribution foi all 
579 pH values, irrespective of stimulus, is presented in figure 1. The frequency 
graph is marked^ skew, with a long tail on the acid side and a precipitous rop 
from 8.5 to the upper limit of the range, 9.2. The mean and standard deviations 
for the entire distribution are 7.65 and 1.08, respectively, but in view of t e 
marked skemiess of the graph, and the results of a breakdovm of the data ,y 
stimuli, these two statistics possess no physiological significance. For purposes 
of anatysis, the distribution was divided into two subranges at 6.8, where t e 
flat tail of the graph teiminates. It is noteworthy that more than 85 per cen 
of the values are in the upper subrange (table 1, line for combined data). 

Data Jor individual stimidi. Next, the data for the total population 
broken dovm according to stimulus, and the following statistics were calcu a e 
for each of these groups of data: the mean, its standard deviation ( • -m 
as ivell as that of the distribution (S.D.), and frequencies in the two p su 
ranges. These statistics are also presented in table 1. The stimuli are arrange 
in oi’der of increasing mean pH — except for one per cent and two per cent eugeno , 
for which the difference in concentration has greater statistical significance mi* 



pH of gastric mhcohs secretion 


647 


the difference in mean'pH. Merely by inspection of the data it is apparent that 
the differences among these means are statistically significant in many instances, 



Fig. 1. Frequency distribution for pH values of gastric mucous secretion from 
Heidenhain pouches (combined data — all stimuli). 


but not in all. In nine out of 12 cases, the difference between two successive 
means is only 0.2 pH unit or less; in two others it is about 0.3 and in the third 
0.4. Because of this small variation in mean pH from stimulus to stimulus. 




TABLE 1. Statistical data for pH values of gastric mucous secretion 


STIMULUS 

MEAN 

H 

s. u. 

pH EANGE 

NUMBER OP SPECniEKS 


pH 

M 

Sub-range 1 
(pH 4.00-6.79) 

Sub-range 2 
(pH 6.80-9.22) 

Total 

Stimuhis — group 1 








Massage (mucosal) 

6.48 

1.24 

0.28 


12 (57.1%) 

9 (42.9%) 

21 

NaCI (0.17 N) 

6.66 

1.25 

0.38 


4 (33.3%) 

8 (66.6%) 

12 

HjO (distilled) 

6.83 

0.96 

0.30 

5,19-8.36 

5 (45.4%) 

6 (54.6%) 

11 

None (spontaneous) 

6.90 

1.33 

0.14 



65 (68.4%) 

95 

Alcohol (50%) 

7.02 

1.01 



8 (21.1%) 

30 (78.9%) 

38 

Eugenol (0.25%) 

7.35 

1.32 

0.31 


5 (26.3%) 

14 (73.7%) 

19 

Stimulus — group 2 








NaCl (0.5 N) 

7.40 

0.44 

0.13 

6.38-7.95 

1 (7.7%) 

12 (92.3%) 

13 

Ether (saturated) 

7.63 

0.88 

0.09 



97 (90.7%) 

107 

Eugenol (0.5%) 

7.97 

0.56 

0.12 


1 (4.3%) 

22 (95.7%) 

23 

Eugenol (1%) 

8.04 

0.58 



4 (8.7%) 

42 (91.3%) 

46 

Eugenol (2%) 

8.03 

0.57 


4.76-8.87 

1 (1.7%) 

58 (98.3%) 

59 

Clove oil (5%) 

8.10 

0.27 


7.28-8.47 


27 (100%) 

27 

Eugenol (5%) 

8.51 

0.44 


4.69-9.22 

1 (0.9%) 

107 (99.1%) 

108 

Combined data (all stim- 
uli) 



0.04 

4.00-9.22 

82 (14.2%) 

497 (85.8%) 

579 
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Fig. 2. Frequenct distribution for pH values of gastric mucous secre ion 
Heidenhain pouches (after stimulation of mucosa by massage). 

Fig. 3. Frequency distribution for pH values of gastric mucous sMre 
Heidenhain pouches (after stimulation of mucosa with saturated aqueous ether so u 
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these averages afford no basis for a classification of the stimuli. Such a classi- 
fication, however, is suggested by the distribution of the data over the pH range. 
The values for mucosal massage, NaCl (0.17N), distilled water, ‘spontaneous, 
alcohol (50 per cent), and eugenol (0.25 per cent) extend more or less uniformly 
over the entire range. These are designated as stimulus-group 1. By way of 
illustration, the frequency graph for stimulation by mucosal massage is shoivn 
in figure 2. The data for the members of stimulus-group 2 show a well-defined 
concentration above pH 6.8, which is illustrated by the frequency graphs for 
ether, and eugenol (5 per cent) (figs. 3 and 4). For five of the stimuli in this 
group the number of specimens with pH’s below 6.8 is no greater than one, and 
n the remainder the number does not exceed 10 per cent. In contrast with 



pH 

Fig. 4. Frequenct distribution for pH values of gastric mucous secretiou from 
Heidenhain pouches fafter stimulation of mucosa with 5 per cent eugenol emulsion). 

this, the proportion of pH values below this boundary value of 6.8 among the 
stimuli of group 1 varies between 21 and 57 per cent. 

DISCUSSION 

The marked skewness of the frequency distribution for the combined data 
(fig. 1), particularly the long flat tail from pH 4.0 to 6.8, suggests the presence 
of at least two different types of physiological fluid in what is generally called 
‘mucous secretion.’ The first, with a very low pH value, is probably parietal 
secretion; the second, with a very high pH value, is true mucus and possibly a 
mucoid secretion. The peaks at pH 7.1 and 7.4 might result from a third type 
of fluid, of intermediate pH, e.g., transudate or exudate, but they are haidly 
high enough relative to the peak at pH 8.5 to constitute evidence of a tri- or 
bimodal distribution. However, sufficient support for the presence of transudate 
and exudate is provided by our previous studies to warrant their inclusion as a 
third possible factor in the interpretation of the present data. 
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Hence, if we hypothesize that gastric mucous secretion is a mixture of these 
three type of fluid in varying proportions, then the lower subrange of pH can be 
considered as containing values characterized by the dominance of parietal 
secretion, and the upper subrange by the dominance of mucus and mucoid secre- 
tions. Inasmuch as the frequency curve for the combined data has only one 
well-defined mode (pH 8.5), and this occurs in the upper subrange containing 
86 per cent of all the values, it may be inferred that mucus and mucoid secretion 
are by far the most common of all these components. The occurrence of transu- 
date and exudate is more difficult to define; these probably exert a secondary 
effect in both subranges, but particularly in the lower portion of subrange 2, 
below 7.8. The role of desquamated columnar cells has been neglected in this- 
hypothesis. It seems likely that in the nondisrupted condition these cells exert 
little if any hj'-drogen ion effect. When disintegrated, however, thej^ contribute 
not only mucus but also cytoplasm, which may. be assumed to resemble transu- 
date in its influence on pH. 

Turning now to the breakdown of the data by stimulus, it is apparent that every 
stimulus herein reported yields some ‘alkaline’ mucus, but the potencies of these 
agents differ considerably. Actual data for the stimuli in group 2 (from table 1) 
reveal that 91 to 100 per cent of the specimens induced by eugenol (0.5-5 per 
cent), clove oil (5 per cent), ether ’(saturated) and NaCl (0.5N), consist pre- 
dominantly of true mucus, with a, pH of 6.8 or greater. Small amounts of 
parietal secretion, transudate or exudate may also be present in these specimens. 
On the other hand the agents of group 1 — ^massage, isotonic saline, distilled water, 
‘spontaneous’ and eugenol (0.25 per- cent) — are the poorest mpcus stimuli inas- 
much as only 43 to 79 per cent of their specimens fall in the upper subrange. 

The present study relates to the pH of .mucous-secretion as it occurs inside a 
gastric pouch. Since by far the major part of the- unoperated viscus contains 
corpus mucosa, it was deemed essential that the pouches be prepared entirely 
from this region, rather than from the cardiac or pyloric portions of. the stomach. 
Ultimately, however, we are concerned with the whole stomach rather than any 
such limited portion of it, but evidence available from the literature suggests that 
pyloric mucus has essentially the same pH as thdt'Trom the corpus.’ - " 

Whether the observations'herein reported cast any light oh the pH of mucus aS 
it is formed within the cell cannot be;Statedias. 3 ’'et, because no attempt was made 
to control or compensate for the possible loss of CO 2 from the specimen, either 
while it was being collected froih the' pouch or thereafter, observation of 
Wright and Florey (12) is noteworthy in this connection. They reported that 
the pH of the viscous secretion of the cat’s colon, resulting froih faradic stimula- 
tion of the peripheral ends of the nervi erigentes, is at first 8.3 to 8.4 but increase 
to 9.1 to 9.2 on exposure to air. In the present work, it' was noted that the pH 
of different portions of any one specimen beconre . essentially identical if the 
specimen is well shaken. The unifonnity so effected was ascribed to ‘homogeni- 
zation’ of the specimen, but it may well be that the initial lack of uniformity was 
a result of irregular loss of CO 2 prior to shaking. Prevention of CO 2 loss before 
the specimen enters the collection tube is impossible with the usual procedures 
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for collecting the gastro-intestinal secretions. However, correction for such 
loss may be possible by equilibration of the specimen immediately before the pH 
is measured, using air containing CO 2 at its partial pressure in alveolar air. 
Such studies with gastric mucous secretion are now under ivay. 

SUMMARY 

Electrometric pHs were determined for 579 specimens of gastric mucous secre- 
tion collected from Heidenhain (corpus) pouch dogs. For this purpose, 12 
topical stimuli were employed. The range of these pH values was 4.00 to 9.22, 
with a mean of 7.65 and a standard deviation of 1.08. Division of the data into 
two subranges of pH revealed that 82 (14 per cent) of the values fell in the lower 
interval (pH 4.00 to 6.79) and 497 (86 per cent) in the higher inteiwal (6.80 to 
9 .22) . It is inferred that the pH of this latter group is determined predominantly 
by trae mucus, whereas the pH of the former group is influenced in considerable 
degree by the acid parietal secretion. Division of the data into 13 groups ac- 
cording to stimulus (including spontaneous secretion) revealed a gradual but 
extensive variation in the mean pHs for the individual groups. However, only 
aqueous emulsions of clover oil (5 per cent) and eugenol (0.5 to 5 per cent) yielded 
secretion with mean pHs greater than 8.0. Furthermore, 97 per cent of all the 
specimens obtained with these stimuli fall in the upper subrange, with pHs 
greater than 6.8. These observations support the conclusion previously reached 
by us that clove oil and eugenol are considerably more effective stimuli for the 
collection of gastric mucus than any others in the series. 

The findings herein reported cast no light upon the pH of pure mucus 
as it is ejected by the surface epithelial cells, because of the loss of CO 2 from the 
specimen between the time of secretion and the time of pH measurement. 
Nevertheless, the data herein reported do indicate the pH which maj’- be encoun- 
tered in gastric pouches, and therefore presumably in the lumen of the intact 
resting stomach, under the influence of various mucus stimuli. This pH is 
usually above 7.4 and may even be greater than 9.0 — probably the highest value 
encountered in the living manunalian organism. 
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In 1936 Osgood and Muscovitz (1) cultured bone marrow in vitro using an 
elaborate setup, and Osgood and Bronmlee (2) devised a simplified procedure for 
culturing the bone marrow cells. In 1947 Hays (3), using a modification of 
Osgood’s simplified method, studied the reticulocyte production in bone marrow 
cultures. Plum (4) in 1947 studied the effects of liver preparations on bone 
marrow cultures using a modification of the original method of Osgood and 
Muscovitz (1). 

Norris and Majnarich (5) have showm that xanthopterin wall increase the 
cell proliferation in bone marrow'^ cultures in vitro, with which a maximum is 
obtained with 5 7 of xanthopterin per ml. of bone marrow suspension for rat, 
rabbit, cat, sheep and beef bone marrowa In the experiments previously re- 
ported, a suspension of bone marrow^ cells in tyrodes without glucose was used. 
The only source of organic matter for the growth and metabolism of the cells 
w^ould be that introduced with the bone marrow suspension. This would be 
small and might be a limiting factor in cell proliferation. As it was considered 
that the conditions used in the previous paper (5) were probably far from opti- 
mum, a study was made of some of the factors affecting the rate of cell prolifera- 
tion in bone marrow* cultures. 


EXPERIMENTAL 

The technique used was that outlined in a previous paper (5), in which 2 ml. 
of a bone marrow suspension in Tyrode’s solution without glucose was placed 
in a sterilized 5 ml. vial. A glass bead was added to each vial. Supplements 
were added as indicated in the experiments, and the total volume in the vials 
was uniform for each experiment. The vial was sealed with a rubber cap and 
rocked in a water bath at 37°C. Samples for counting the cells were wdthdrawn 
at intervals by means of a sterile needle. Beef bone marrow was used in the 
experiments. 

The amino acids were first studies as they might well be a limiting factor in 
production of new protein in cell proliferation. Figure 1 shows the results ob- 
tained for red blood cells (RBC), nucleated cells (NC), and reticulocytes. Com- 
binations of tyrosine, tryptophane, and casein hydrolysate^ were used. Addition 
of the various combinations produced a slight increase in the rate of cell prolifera- 
tion, and all of about the same order of magnitude. Xanthopterin plus the 

1 The casein hydrolysate used was the ‘vitamin-free’ sterile 10 per cent solution of acid 
hydrolyzed casein manufactured by General Biochemicals, Inc., Laboratory Park, Chagrin 
Falls, Ohio. 
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aniino acid combinations gave a still further increase in the rate of growth, and 
all were grouped in the order of magnitude of cell proliferation produced by 
xanthopterin without the amino acids, vuth the exception of the combination of 



Fig. 1. Effect of amino acids and casein htdholtsate upon the rate of cell prolifera- 
tion in in vitro bone marrow cultures. The curves have the following supplements per ml. 
of suspension: A, no supplement; B, tyrosine, 1 mgm.; C, tryptophane, 0.5 mgm.; D, 
casein hydrolysate, 5 mgm.; B, casein hydrolysate, 5 mgm., and tryptophane, 0.5 mgm.; 
G, xanthopterin, 0.005 mgm., and tryptophane, 0.5 mgm. ; If, xanthopterin, 0.005 mgm., and 
casein hydrolysate, 5 mgm.; /, xanthopterin, 0.005 mgm., tryptophane, 0.5 mgm., and tyro- 
sine, 1 mgm.; J, xanthopterin, 0.005 mgm., and tyrosine, 1 mgm.; K, xanthopterin, 0.005 
mgm., casein hydrolysate, 5 mgm., and tryptophane, 0.5 mgm. 

Fig. 2. Effect of varying concentrations of tryptophane upon the cell proliferation 
in bone marrow suspensions containing 10 mgm. of casein hydrolysate per ml. of suspension 
and varying concentrations of xanthopterin. The curves have the following concentrations 
of tryptophane: A, none; B, 0.1 mgm. per ml.; G, 0.5 mgm.; Z), 1.0 mgm. 

Fig. 3. Hemoglobin formation and turbidity assay during cell proliferation of bone 
marrow suspensions. The curves contained the following supplements per ml. of suspen- 
sion: A, none; B, xanthopterin, 0.005 mgm.; C, xanthopterin, 0.005 mgm., and casein 
hydrolysate, 5 mgm.; D, xanthopterin, 0.005 mgm., and tryptophane, 0.5,mgm.; B, xan- 
thopterin, 0.005 mgm., casein hydrolysate, 5 mgm., and tryptophane, 0.5 mgm.; F, xan- 
thopterin, 0.005 mgm., casein hydrolysate, 5 mgm., tryptophane, 0.5 mgm., and tyrosine, 
1 mgm. 

casein hydrolysate and tryptophane either with or without tyrosine. Trypto- 
phane would be lacking in the casein hydrolysate produced by acid hydrolysis, 
and the addition of tryptophane to the hj'^drolysate would furnish all of the 
amino acids required for the production of protein. 

The buffer in the Tyrode’s solution was not sufficient to control the pH on the 
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addition of the casein hydrolysate. The Itydrolysate had to be neutralized 
before adding it to the culture and was adjusted to a pH of 7.4 for all tests. How- 
ever, a final pH varying from, 7.0 to 8.0 showed no appreciable variation. The 
effect of varying the concentration of both casein and tryptophane was studied. 



Fig. 4. Effect of various pteridine berivatives on bone marrow cultures in vitro. 
The curves have the following supplements, each at a concentration of 0.005 mgm. " 

A, none; B, xanthopterin; C, isoxanthopterin-6-carbo.xylic acid; D, 6-meth5'’ -isoxan op 
terin; E, 2-amino-4-h3’^droxypteridine-HCl-H20; F, dihydroxanthopterin, (r^ . r 

xanthopterin; H, 2-amino-4-hydrox3'-7-meth3'l pteridine; /, .xanthoptenn-7-car o.xy ic 

acid. • 1 ■ 

Fig. 5. Effect of various pteridine derivatives on bone marrow cultures in \i ro. 
The curves have the following supplements, each at a concentration of (h005 mgm. per m . . 
A, none; B, .xanthopterin; C, 2-amino-4-hydroxy-6-methyl pteridine; D, pteroic acid; A, 
2-amino-4-hydroxy-6-pterid3'l meth3d pyridinium iodide; F, leucopterin, , amino 
Iwdroxy-pteridine-O-carboxylic acid. 

A concentration of 0.1 ml. of neutralized casein hydrolysate, equivalent to 10 
mgm, of casein per ml. of suspension, was selected for all subsequent experiments. 
Figure 2 shows the response in cell proliferation with varying amounts o tr}^ o 
phane using the concentration of casein indicated above. From the resu ts a 
concentration of 0.5 mgm. of tryptophane per ml. of bone marrow suspension 
w’as adopted for use. While some variation has been observed between one 
marrow preparations, in general the addition of casein hydrotysate and tr 3 ypto 
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phane not only increases the rate of cell proliferation due to xanthopterin but 
also broadens the optimum region of concentration of xanthopterin for cell 
di^dsion. 

Erythrocjde formation would necessitate hemoglobin formation, which was 
studied along with the cell counts. A series of test tubes were prepared con- 
taining 6 ml. of bone marrow suspension and supplements as indicated in figure 3. 
A glass bead was added to each test tube, which was sealed with a rubber cap 
and rocked slowly in a water bath at 37°C. After incubating for intervals of 
3, 6 and 8 hours, suspensions were transferred to colorimeter tubes and turbidity 
read on the Klett-Summerson photoelectric colorimeter. In a uniform suspen- 
sion of cells the nephelometric reading is indicative of the number of cells. The 
results are very similar to those indicated by the counts given in figure 1. The 



GANMA PER ML.OF a-AMINO-4.HYDROXY-7.METHYLPTERIOINE 

Fig. 6. Interrelationship of xanthopterin and 2-amino-4-hydroxy-7-methyI pteri- 
dine upon the cell proliferation in bone marrow' cultures. The curves represent the follow'- 
ing concentrations of xanthopterin per ml. of suspension: A, none; B, 0.005 mgm.; (7, 
0.010 mgm.; Z), 0.015 mgm. 

cells were then completely laked and hemoglobin determinations made by the 
alkali metho'd. The results are plotted as colorimeter readings. The increase 
in hemoglobin is shown to parallel the cell proliferation given in the experiments 
above and to be greatest when xanthopterin, casein hydrolysate, and tryptophane 
were added, either with or without added tyrosine. 

The above experiments have shown that xanthopterin increases the rate of 
cell proliferation in bone marrow cultures in vitro. Several other pteridine 
derivatives have been tested on in vitro bone marrow cultures and none found 
with an activity as great as that of xanthopterin. Figures 4 and 5 show repre- 
sentative results. Casein hj'-drolysate and tryptophane were included in the 
culture media. 2-amino-4-hydroxypteridine • HCl • H 2 O has little or no effect on 
RBC formation. Those compounds substituted on the six carbon atom stimu- 
late both red and nucleated cell proliferation, such as 2-amino-4-hydroxy-6- 
methyl pteridine, 2-amino-4-h3’-droxy-6-pterid3d meth 3 d pyridinium iodide, 
2-amino-4-hydrox3"-6-carbox3dic acid, leucopterin, which is probably converted 
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to xanthopterin, and pteroic acid; however, none of them is as active as 
xanthopterin. The activity of pteroic acid is of interest compared to pteroyl- 
glutamic acid which is entirely inactive. The disubstituted compounds on the 
6 and 7 carbon atoms have slight effect on er3d,hrocyte proliferation in vitro and 
a somewhat greater inhibitoiy effect upon the nucleated cells. Compounds 
used were 6 methylisoxanthopterin, isoxanthopterin-6-carboxylic acid, 7 methyl- 
xanthopterin, and dihj’^dro-xanthopterin. The two compounds that were dis- 
tinctly inhibitory and acted as antixanthopterins were 2-amino-4-hydroxy-7- 
methyl pteridine and xanthopterin-7-carboxylic acid. 

The antixanthopterin effect of 2-amino-4-hydroxy-7-methyl pteridine is 
shovm in figure 6. The effect upon cell proliferation appears to be a remarkable 
balance between xanthopterin and 2-amino-4-hydroxy-7-methyl pteridine. 
Without added xanthopterin, 2-amino-4-hydroxy-7-methyl pteridine causes a 
decrease in the number of cells. This inhibitoiy effect is reversed by adding 
xanthopterin. We have found repeatedly that if equal concentrations of both 
are present the rate is not changed materially from what it is with no supplement, 
but when either is added in excess the effect of the substance in greater concen- 
tration becomes evident. The toxic or inhibitory effect of concentrations of 
xanthopterin greater than 5 y per ml, is counteracted by added 2-amino-4- 
hydroxy-7-methyl pteridine. With the addition of increasing amounts of 2- 
amino-4-hydroxy-7 -methyl pteridine the optimum concentration for xanthopterin 
activity is shifted to such an extent that there would be 5 r per ml. of xantho- 
pterin in excess in the mixture. That is, for zero 2-amino-4-h5drox3^-7-methy] 
pteridine the optimum is at 5 t per ml. of xanthopterin; with 5 y per ml. of 
2-amino-4-hydroxy-7-methyl pteridine it is at 10 y per ml. of xanthopterin and 
at 10 y per ml. of 2-amino-4-hydroxy-7-methyl pteridine it is at 15 y per ml. o 
xanthopterin. Fifteen y per ml. of xanthopterin is greater than the opttoum 
concentration and inhibitory but in the presence of 10 y per ml. of 2-amino-4- 
hydroxy-7 -methyl pteridine gives an activity equal to that of 5 y per ml. s 
the molecular weights of the two compounds are veiy close it appears to be a 
very surprising stoichiometric relationship between them in control of the ce 
proliferation. 

StTMMART 

1. Amino acids and especially a combination of casein hydrolysate and trypto- 
phane further increase the acceleration of cell proliferation in bone marrow cu 
tures in vitro, produced by xanthopterin. 

2. Of several pteridine compounds tested, none showed as great an acce era 

tion of bone marrow proliferation as xanthopterin. _ . 

3. Leucopterin, pteroic acid, 2-amino-4-hydroxy-6-methyl pteridine, 2-ammo 

4-hydroxy-6-pteridyl methyl pyridinium iodide and 2-amino-4-hydro^-pten y 
6-carboxylic acid have some activity in stimulating cell proliferation in one 
marrow suspensions . , , . 

4. Xanthopterin-7-carboxylic acid and 2-amino-4-hydroxy-7-methyl pten me 
are strongly inhibitory to cell proliferation in bone marrow cultures. 
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5. The inhibitory action of 2-amino-4-hydroxy-7-inethyl pteridine is counter- 
acted by xanthopterin. 

6. The inhibitoiy action of high concentrations of xanthopterin is counter- 
acted by 2-ainino-4-hydroxy-7-methyl pteridine. 
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The purpose of this study was to determine whether hyper-irritability of the 
dental innervation, produced by previous painful stimulation of the teeth, coiild 
be permanently reduced to a normal level of irritability by a single application 
of procaine block. 

This question arose from two previous studies (1, 2). In the first (1) it was 
observed that the most prevalent cause of dental pain engendered by alteration 
of barometric pressure (aerodontalgia) was referred pain, from an occluded para- 
nasal (probably maxillary) sinus. Not only was this pain referred to the teeth, 
but in an overwhelming majority of cases, it was referred to teeth which showed 
evidence of previous painful stimulation as by filling, trauma, caries or extraction. 

This led to the hypothesis that the mechanism involved in the referral of pain 
in this case was one akin to spatial siunmation of afferent stimuli in the motor 
reflex and that the stimulus arising from the sinus onlj’’ ‘facilitated’ a chronic 
sub-threshold stimulus from the offending tooth. Since the injury to the teeth 
in this study was in many cases made 3 ’’ears previous to the observation, the 
authors were intrigued by this evidence of a prolonged ‘central excitatory state . 
Therefore, a second study (2) was set up to determine whether this observation 
could be repeated under conditions whereby all loiown factors could be controlle 
Fillings and extractions were made without block anesthesia (NO was use or 
extractions) and after an interval of several weeks the nasal epithelium was 
stimulated mechanically, by a needle prick, in the region of the maxillary sinus 
ostium. With a single exception, pain was referred to the previously stimulate 
teeth whether or not any sensation Avas evoked from the site of the imme jate 
stimulation. 

Collateral observations made in the above studies indicated that hyperest lesia 
does not exist in teeth I’eceiving dental treatment under the influence of piocaine 
block anesthesia. This studj’’ was set up to determine whether procaine oc 
is efficacious in removing an already established hyperesthesia. 

SUBJECTS AND METHODS 

The subjects reported on in this paper were the same as those used in a pie 
vious investigation (2). These had undergone dental treatment of approxi 
mately bilateral symmetry either without anesthesia, or under general nitrous 
oxide anesthesia. Following this treatment all subjects exhibited a tendency or 
occurrence of pain in the treated teeth elicited by mechanical stimulation o \ 
ipsolateral maxillary ostium. 
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Since the subjects had received approximately equivalent treatment bilater- 
ally, it was decided that the upper and lower quadrants of the dextral dentition 
could be used to test the efficacy of procaine anesthesia in eliminating this sus- 
ceptibility to referral of pain, while the sinistral side could be left unanesthetized 
as a control. 

In order to determine whether elevated irritability was still existent, the right 
maxillary ostium was mechanically stimulated, by means of a needle prick, and 
the occurrence of pain as reported by the subject recorded. Following this pro- 
cedure, block anesthesia of the dentition in the area to which pain was referred 
was produced, using an injection of two per cent solution of procaine hj'-dro- 
chloride with epinephrine in a concentration of one part in 50,000. 

The locations of the blocks were as follows: 

1. For the maxillary dentition, infraorbital (anterior and middle superior 
alveolar branches of the maxillary division of the trigeminal nerve); infratem- 
poral (posterior superior alveolar branches of the maxillary division of the tri- 
geminal nerve) ; greater palatine and nasopalatine blocks Avere used. 

2. For the mandibular teeth, the mandibular or inferior alveolar block was 

used (lingual nerve before it enters the region of the floor of the mouth and the 
inferior alveolar before it enters the mandibular canal at the lingula). This was 
supplemented by blocking the buccinator nerve. ; , ■ , . 

Approximately two weeks (10 to 16 days) after production of -the temporary 
block, both maxillary ostia were stimulated and the incidence of tooth pain 
recorded. ' 

The results of stimulation of the maxillary sinus ostia are given in table 1. 

• From table 1 it may be seen that mechanical stimulation of the maxillary sinus 
ostium Avas effective in eliciting tooth pain in dextral teeth in 100 per cent of 
the casesffiefore anesthesia. 

Approximately tAvo Aveeks (10 to 16 days) after -use of procaine block anes- 
thesia, no' referred pain to dextral teeth could be produced by ip^dlateral maxillary 
ostium stimulation.. The ‘control’ sinistral teeth still responded Avith strong 
pain sensation upon stimulation of the ipsolateral maxillary ostium in 13 of 14 
subjects (93 per cent of the cases). 

i- . ■ i’. 

DISCUSSION 

From a standpoint of practical dentistry, the observations reported present a 
simple method of alleviating tooth pain referred from the maxillary sinus. 

Of equal importance from a fundamental standpoint are the implications of 
these results AAoth respect to the neurophysiology of pain mechanisms. The 
authors are very fortunate in this instance in having available an example of 
‘pain facilitation’ in AAffiich both sources of stimulation are ItnoAAm and capable of 
manipxflation. DensloAv and his co-Avorkers (3, 4) have reported a closely allied 
condition in the case of pain perception ■ from pressm-e on the spinous processes 
of the thoracic vertebrae. In their AAmrk a considerable advantage is reported 
from the presence of motor activity associated with pain transmission. This 
alloAA's collection of objectiA'^e cAudence of nem-al activity. AAdiich. is much more 
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TABLE 1. Expehimental data 


SUBJECT 

DENTAL WOEKl 

1 

INTEKVAL 1 

DENTAL 

PAIN 

ANES- 

THESIA. 

:f.TERVAL2 

DENTAL 

PAIN 

INTERVAL 3 

Se.x 

Age 

Tooth 

Proc 

1 

Days 

Stiin-l 

Used 

Days 

Stim-2 

Days 

M 

23 

3 

11 

49 

+ 

+ 

13 

— 

62 



14 

1 



— 


4* 

62 

M 

14 

4 

1 

53 

+ 

+ 

12 

. — 

65 



14 

1 

1 

1 


1 


+ 

65 

M 

52 

3 

1 

55 

+ 

+ 

11 

— 

66 



14 

11 

1 


— 


+ 

66 

M 

28 

2 

1 

52 

+ 

+ 

11 

_ 

63 



13 

11 

1 


— 


+ I 

63 

M 

21 

3 

11 

30 

+ 

+ 

11 

— 

41 



14 

1 



— 


— 

41 

M 

24 

4 

11 

50 

1 

1 + 

+ 

13 

— 

63 



14 

11 





+ 

63 

M 

22 

3 

11 

46 

+ 

+ 

11 


56 



; 13, 14 

11,1 





+ 

56 

M 

22 

3 

11 

59 

+ 

+ 

10 

1 

1 ^ 

69 



13 

1 



— 


+ 

69 

1 

1 

F 

28 

2, 3 

11, 1 

53 

+ 

+ 

15 


68 



15 

1 



— 


+ 

68 

F 

23 

3 

11 

50 

+ 

+ 

16 

— 

66 



14 

1 



— 


+ 

66 

F 

22 

1 

4 ‘ 

V 

63 

+ 

+ 

16 

— 

70 



13 

11 



— 


+ 

70 

M 

30 

3 

11 

53 

+ 

+ 

14 

— 

67 



13, 14 

1, 1 



— 


4* 

67 

M 

27 

20 

11 

38 

+ 

+ 

16 

— 

54 



30, 31 

1,1 





+ 

54 

F 

28 

3 

Ext. 

37 

1 + 

+ 

11 

— 

48 



13, 14, 15 

Ext. 


1 

1 

— 



48 


^ Fillings according to Black's (1936) classification; I — occlusal surface, II mesio or 


disto-occlusal surfaces; V — gingival surface; Ext. — extraction. _ 

Interval 1. Days elapsing between original dental treatment and stimulation o maxi 
lary sinus ostium just prior to procaine injection. _ ^ 

Interval 2. Days elapsing between procaine injection and final stimulation o maxi 
lary sinus ostium. _ , 

Interval 3. Total time (days) elapsing between original dental treatment an im 
maxillary stimulation. 
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satisfactory in many respects than the purely subjective responses upon which 
the present paper is based. Nevertheless, the authors believe that subjective 
evidence of positive character, such as the dental pain used as the criterion for this 
studj’’, allows a high degree of confidence in the results. 

Previous work by Hardy et al. (5), Denslow, (3, 4), Livingston (6), Heinbecker 
(7) and the present authors (1, 2) has indicated that referred pain may be due to 
facilitation of a sensory pathway maintained at an elevated level of irritability, 
by stimulation of another sensory pathway in the same segment. Although this 
observation is fairly well established (5), there has been relatively little insight 
into the mechanism by which the elevated central irritability is maintained. 
Some workers, Sherrington (8) and Livingston (6), have suggested a ‘vicious 
circle’ concept involving afferent autonomic pathways which maintain the tissue 
in the region of the pain receptor in a disturbed physiologic state. Some evi- 
dence for this is found in the cases of ‘phantom limb pain’, causalgia and other 
similar conditions. Denslow reported a ‘doughy consistency’ of the tissue in 
the area of vertebral spinous processes ivith low pain thresholds. 

In the present work, two possibilities for maintenance of elevated irritability 
are manifest. The simplest case would be that of a disturbed physiologic con- 
dition of the dental pulp due directly to the presence of filling materials, ana- 
tomical changes, etc. in the immediate vicinity. Another possibility is that of 
a disturbed circulation to the dental pulp resulting from autonomic activity in 
concurrence vdth the ‘vicious circle’ concept. The observations reported in the 
present paper indicate that the latter is the more likely explanation since reduc- 
tion of the elevated irritability is effective for as long as 16 days when accom- 
plished by a single anesthetic block of the innervation. If the elevated irritability 
were due to reactions continuously produced by irritating agents or structures 
in the dentition, one would expect that symptomology would return immediately 
on recovery from anesthesia. 

Further, it appears from the foregoing observations that the receptor neuron 
itself is an important factor in maintaining an elevated central irritability. This 
does not discount, however, the possible importance of the autonomic innervation 
in maintaining a localized tissue disturbance at the site of the receptor endings. 

CONCLUSIONS 

1. An elevated central irritability is maintained in the sensory pathway in 
teeth undergoing dental treatment without local anesthesia for a long period 
(two months in the present paper, but previous work indicates that this may 
exist for several years). 

2. The elevated central irritability may be reduced for an extended period by 
temporary procaine block anesthesia of the innervation. 

3. Since referred pain to the teeth from the maxillary sinus depends upon 
elevated irritability of the dental sensor 3 '- pathway, this procedure eliminates 
further dental pain of this origin either permanently or for a considerable period 
of time. 

4. The afferent peripheral neuron itself is an important unit in the mainte- 
nance of elevated central irritability. 
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All investigators tvho have studied the effect of anesthesia -on temperature 
regulation of warm-blooded animals have found that anesthetics depress tem- 
perature-regulating functions. In previous work (1) it was found that morphine 
so disturbed temperatue regulation that dogs imder this anesthetic would shiver 
and pant simultaneously. Animals anesthetized with barbiturates, chlorolosane 
or morphine (2, 3) are unable to maintain rectal temperatures which fall one to 
five degrees below normal values. This inability to maintain a normal body 
temperature has been shoiim to be due to a) a failure of peripheral vasoconstric- 
tion in response to cold (1, 4) and b) a failure of the shivering mechanism to 
respond to a fall in rectal temperature (1). 

The depressing action of anesthetics on the finer regulation of body temperature 
has required that physiologists studying this problem use non-anesthetized 
trained animals. This imposes serious limitations on many experimental 
methods. Where minor surgical procedures are involved, such as arterial and 
venous catheterization or the insertion of thermocouples in deeper structures, 
a possible compromise to this difficulty could consist of performing the minor 
surgery under a gaseous anesthetic and then allowing the animal several hours 
to eliminate the anesthetic after which the normal regulation of body temperature 
might be regained. Gaseous anesthetics are desirable due to their rapid elimina- 
tion and due to the rapid recovery of the animal after discontinuing anesthesia. 
For these reasons a study has been made of the rate at which dogs recover their 
ability to regulate body temperature after thirty minutes of light ether anes- 
thesia. The criterion for recovery of normal temperature regulation consisted 
of a standardized cold exposure test in which the following temperature-regulating 
responses W'ere measured: a) ability to maintain normal body temperature, b) 
ability to produce peripheral vasoconstriction on exposure to cold and c) ability 
to shiver without an abnormal drop in rectal temperature. 

EXPERIMENTAL 

Medium weight short-haired dogs Avere used. The animals Avere selected and 
trained to lie quietly on a table beneath a Avooden box cover AARich was joined 
by hinges to the table top. The cold exposure test Avas made in a room at 9° to 
10° C. AAuth an air A’-elocit}’- of 25 to 50 feet/minute and relative humidity of 50 
to 75 per cent. When closed the interior of the box in AARich the dog Avas Ijdng 
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was maintained at an air temperature of 34° C. by means of electrical heaters. 
After 30 minutes of resting in this wann environment the box heaters were turned 
off and the box swung open on its hinge exposing the dog suddenly to the cold 
environment of 10° C. During this abrupt change of environmental temperature 
the animal did not move but remained lying on its side in a resting position on 
the table top. Skin and rectal temperatures were measured throughout the test 
in both warm and cold environments. Exposure to cold was continued until 
shivering \vas severe as estimated by visual inspection. 

The skin temperatures were measured by thermocouple junctions of 36-gauge 
copper and constantin wore attached to a small shave area of skin ■with adhesive 
tape i"x 1". Sldn temperatures were measured on the foreleg over the lower 
anterior surface of the tibia, the side of the thorax and the ear. As in previous 
work (5) it was found that the ear temperature change ■was the most striking 
evidence of peripheral vasoconstriction. A record of the changes of ear tem- 
perature and rectal temperature during cold exposure tests is given in figure 1 
which includes three tests on the same dog {dog F): a) control (no anesthesia), 
b) during ether anesthesia and c) ■n^hen exposure to cold, i.e., opening of the box 
cover, was made 153 minutes after discontinuing ether anesthesia. The onset 
of shivering after exposure to cold is indicated by the blocks of the diagi’am in the 
lower right of the figure. 

Ether-air mixtures were prepared in t^wm 100-liter spirometers by adding from 
a burette a known volume of liquid ether to a heated pressure bottle through 
which a measured volume of air was dra^wn into the spirometer. One spirometer 
was being filled while the air-ether mixture in the other ■wms being breathed by 
the dog. A sample of the air-ether mixture was dra^wm from the hose leading to 
the tracheal cannula and analyzed for ether content. The animal was made 
vmconscious by administration of ether by the ether cone, a procedure lastmg 
one to two minutes. As soon as possible the cone ■was removed and a tracheal 
cannula inserted through the mouth and the prepared ether mixture was inhaled. 
The ether content of the gaseous mixture breathed ■was 10 to 11 mgm. per 100 
ml. of mixture. This resulted in a blood ether concentration which varied be- 
tween 100 to 120 mgm. of ether per 100 ml. of whole arterial blood. According 
to Beecher (6) light ether anesthesia is maintained with a blood ether concen- 
tration of 100 mgm/100 ml. of blood while Robbins (7) gives as the average anes- 
thetic concentration of ether 115/mgm/lOO ml. of blood and states that a 
concentration of 100 to 110 mgm/lOO ml. blood is sufficient for anesthesia. The 
state of anesthesia observed in the experiments was estimated as being^ light 
and adequate for minor surgery. Ether anesthesia was continued for 30 minutes. 
After discontinuing ether anesthesia the animal was allowed to recover at room 
temperatrue of 23 to 25° C. for variable lengths of time in different experiments 
and was placed in the warm environment at 34° C. 30 minutes before exposure 
to cold. In each experiment the follo^dng routine was observed: 

1. Period of anesthesia. This period lasted 30 minutes in all experiments excep 
those in which tests were made during anesthesia. In this latter case et ler 
anesthesia was continued throughout all the periods. Room temperature 
was 23-25° C. 
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Fig. 1. Rectal and ear temperatures during exposure to a warm environment of 34°C. 
followed by exposure to a cold environment of lO'G. Records of three e.xperiments: a) 
control experiment, (no anesthesia), 6) during ether anesthesia and c) e.xposure to cold 
153 minutes after cessation of ether anesthesia. 

Fig. 2. Rate of elimination of ether from the blood after discontinuing light ether 
anesthesia. Five dogs v'ere used. 


2. Recovery -period. The animal was allowed to recover from the anesthetic in 
an environment of 23 to 25° C. This period lasted from 0 to 150 minutes. 
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3. W mining ^period. The dog was rested for 30 minutes in a box at 34° ± 1° C. 
in order to produce a standard thermal state. 

4. Exposure period. The hinged box was opened and the resting animal without 
being disturbed was exposed to an environment of 10° ± 1° C. The e.xperi- 
ment terminated when shivering became violent. 

Ether in air and blood was measured by the usual Nicloux oxidation method 
in which the ether, after distillation, is oxidized to acetic acid by a known amount 
of chromic acid and the excess chromic acid remaining unreduced is determined 
by titration. For measuring ether in blood, flasks of the Widmark (8) and Cavett 

(9) type were used. Recent investigators have used methyl orange as an indi- 
cator for the titration of excess chromic acid in ether and alcohol determinations. 
This indicator was foimd to give a poorly defined end point. Considerable 
improvement in the sharpness of the titration end point was achieved by using 
barium diphenylamine sulphonate in the presence of phosphoric acid, Kolthoff 

(10) . Details of this method have been recently described (11). 

RESULTS 

The rate at which ether is eliminated from the blood of five dogs after 30 
minutes of light ether anesthesia with blood levels of 100 to 120 mgm. ether per 
100 ml. of whole blood is represented by the curves of figure 2, Ether is rapidly 
eliminated during the first 30 minutes after discontinuing ether anesthesia. 
Following this period of rapid elimination the rate decreases slowl 3 ' with values 
of 10 to 30 mgm. ether per 100 ml. of blood being found one to two hours after 
anesthesia. 

Data from a cold exposure test are given in figure 1. After resting for 30 
minutes in a warm environment at 34° C. the animal without moving is exposed 
to an environment of 10° C. Only ear and rectal temperatures for one dog are 
given in figure 1. It will be noted that on exposure to cold there is a sudden drop 
of ear temperature. For the control animal the ear temperature decreased 
rapidly to 34° where it remained for 4 minutes and then rapidly fell to less than 
20° C. The initial decrease in temperature is probably due to cooling of the skin 
thermocouple by the exposure to cold air where the skin temperature falls because 
of the cold environment. The second drop in temperature can be interpreted 
as being due to peripheral vasoconstriction. As an arbitrary index vasocon- 
striction is assumed to be in active progress when the ear temperature has 
reached 30° C. It will be noted in figure 1 that with a normal unanesthetized 
(control) animal vasoconstriction occurred after a cold stimulus of 12 minutes. 
With the same animal exposed to cold 153 minutes after cessation of ether anes- 
thesia vasoconstriction occurred after a cold stimulus of 12 minutes. Wlien the 
' same' animal Avas maintained vmder anesthesia and exposed to cold vasocon- 
striction (i.e., the ear temperature reached 30° C.) occurred after 28 minutes o 
exposure to cold. 

Wdren temperature regulatory mechanisms are depressed by anesthetics the 
rectal temperature of a dog at which shiA'-ering starts is lowered below contro 
non-anesthetized values (2). Hence, one criterion of the depressant effect o 
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anesthesia is the rectal temperature threshold at which shivering starts. These 
values are given in table 1 for a) control (no anesthesia) dogs, b) dogs exposed 
to cold during anesthesia and c) dogs exposed to cold at varying time intervals 
after cessation of anesthesia. It will be noted that during anesthesia and in the 
first hour following cessation of anesthesia the rectal threshold values for shiver- 
ing were subnormal while values two to three hours after anesthesia were normal. 

It was noted in the earlier experiments on the effect of nembutal on temperature 
regulation (2) that the anesthetic prolongs the exposure time to cold before 
shivering starts. In the experiments reported here on ether anesthesia the 
exposure time to cold, required to produce shivering in unanesthetized, anes- 
thetized and post-anesthesia dogs, was measured. The results ai’e given in table 
1. The ‘exposure time’ values are the time intervals between the opening of the 
box exposing the dog to the cold and the beginning of shivering. It will be 
observed that the exposure times were quite variable for controls as well as for 
the etherized animals. Except for two experiments, namely dog A exposed to 
cold 59 minutes after anesthesia and dog C exposed 116 minutes after anesthesia, 
shivering occurred during and after ether anesthesia almost as promptly as with 
the controls. There was a difference in the individual response of dogs. Dog B 
shivered in all experiments after 0 to 8 minutes’ exposure to cold while dog E 
required 3 to 34 minutes of the cold stimulus. Dog C was a short-haired dog of 
the terrier type while dog E has somewhat longer and curly hair, apparently being 
partially of the setter type. The slow onset of shivering in dog E might be attri- 
buted to a difference in the length of the hair. 

The test which is of most significance in evaluating the depressive action of 
anesthesia on physiological temperature regulation is a test of the ability to 
maintain rectal temperature after exposure to cold. Data from 31 cold exposure 
tests are given in table 2. The change in rectal temperature during a 30-minute 
period in the cold is given in the column ‘ATR’ of table 2. TR is the value of 
the rectal temperature at the end of the rest period in the warm environment 
when the box was lifted and the dog was exposed to cold. The rectal tempera- 
ture 30 minutes later was subtracted from TR to give ATR. Noi-mal control 
dogs when resting in a cold environment of 10'’ C., after changing from a warm 
environment of 34'’ C., will usually have a reduction of rectal temperature varying 
from 0 to 0.4° C. There are significant individual differences in animals as is 
seen in table 2. Dog B usually exhibited a rise in rectal temperature after expo- 
sure to cold, the increase usually being 0.1 to 0.2° C. In striking contrast, the 
rectal temperature of dog E usually fell 0.3 to 0.5° C. imder the same conditions 
of testing. When the rectal temperature measurements were made during ether 
anesthesia the two animals tested imder these conditions had rectal temperature 
decreases of 0.8 and 1.5° C. However, two hours after ether anesthesia the 
decreases of rectal temperature, resulting from a 30-minute exposure to cold, 
were normal. 

It had been found previouslj'’ (5) that when dogs were exposed to cold the first 
response was a peripheral vasoconstriction followed secondarily by shivering. 
In the present experiments this procedure occurred frequently but in many cases 
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shivering preceded or was almost simultaneous with peripheral vasoconstriction. 
It was also found that the longer the experiments were continued the greater was 
the tendency for shivering to precede peripheral vasoconstriction. The animals 


TABLE 1. Threshold rectal temperatures at which shivering started’ and 

EXPOSURE TIME TO A COLD ENVIRONMENT REQUIRED FOR INITIATION OF 

SHIVERING 


uOG 

EXPERIMENT 

NUMBER 

RECTAL 

TEMPERATURE 

EXPOSURE 

TIME 

CONDITION 



-c. 

min. 


A 

1 

39.6 

2 

Control, no anesthesia 


2 

39.4 

5 

tl H 


3 

39.4 

8 

n u tt 


4 

38.0 

13 

During anesthesia 


5 

38.5 

84 

59 minutes after anesthesia 


6 

39.2 

8 

60 minutes after anesthesia 


7 

39.2 

22 

125 minutes after anesthesia 


8 

39.0 

13 

128 minutes after anesthesia 

B 

1 

38.6 

7 

Control, no anesthesia 


2 

38.4 

4 

11 11 << 


3 

38.3 

2 

tt it it 


4 

38.7 

2 

11 11 '< 


5 

37.8 

0 

30 minutes after anesthesia 


6 

38.5 

• 3 

67 


7 

38.2 

0 

70 “ 


8 

38.5 

3 

95 “ 


9 

38.4 

8 

125 


10 

39.0 

7 

180 

D 

1 

39.1 

15 

Control, no anesthesia 


2 

38.7 

11 

11 11 <> 


3 

38.8 

7 

C( li it 


4 

38.1 

S 

78 minutes after anesthesia 


5 

38.2 

17 

116 


6 

39.1 

7 

120 


7 

39.0 

10 

190 “ 

E 

1 

38.8 

3 

Control no anesthesia 


2 

38.7 

13 

tt tt tt 


3 

38.4 

34 



4 

37.7 

23 

During anesthesia 


5 

38.1 

23 

100 minutes after anesthesia 


6 

38.4 

27 

153 


were trained and had been tested many times in the same , 

appeared that a state of ‘conditioned shivering’ was developing resem mg 
‘conditioned panting’ to a warm environment described by Sinelnilco (, ;• 

other words the animals which were frequently subjected to the 
became conditioned and anticipated the cold by early shivering. s 
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sliivering apparently produced suflBcient metabolic heat to delay the onset of 
peripheral vasoconstriction. From a study of many skin temperature records it 

TABLE 2. Rectal tempeeatures (tr) before exposure to cold and change 

IN RECTAL TEMPERATURE (ATH) CAUSED BY 30 MINUTES EXPOSURE TO COLD. 
Exposure time in cold before bar temperature reached 30° C. 


DOG 

EXPERIMENT 

number 

TR 

Ate 

! EXPOSURE 
TIME 

CONDITION 



°c. 

°C. 

mtn. 


A 

1 

39.6 

-0.1 

— 

Control no anesthesia 


2 

39.4 

-0.2 

— 

iC ft C< 


3 

39.5 

-0.2 

— 

tf tc sc 


4 

39.0 

-1.5 

37 

During anesthesia 


5 

39.4 

-0.4 

8 

59 minutes after anesthesia 


6 

39.3 

-0.3 

— 

60 “ “ “ 


7 

39.81 

- 0.71 

— 

125 “ “ 


8 

39.2 

-0.2 

27 

127 “ “ “ 

B 

1 

38.5 


10 

Control no anesthesia . 


2 

38.3 


— 

(( ft SC 


3 

38.2 

+0.1 

— 

ct tt sc 


4 

38.6 

+0.2 

— 

St ts ts 


5 

37.8 

+0.1 

— 

30 minutes after anesthesia 


6 

38.3 

+0.2 

• — 

0y tc ft tt 


7 

38.2 

2 

— 

70 “ “ “ 


8 

38.4 

+0.1 

— 

95 “ " “ 


1 9 

38.2 

3 

5 

125 “ “ “ 



38.8 

+0.3 

5 

180 “ “ “ 

C 

1 

39.4 

-0.2 


Control, no anesthesia 


2 


-0.4 

24 

(( (C (C 


3 

38.8 

-0.3 

45 

St ct ct 


4 

39.2 

s 


78 minutes after anesthesia 


5 

38.6 

-0.4 

25 

116 “ “ “ 


6 


0.0 

42 

120 “ “ “ 


7 

39.2 

-0.3 

— 

190 “ 

D 

1 

■H 

-0.4 

15 

Control, no anesthesia 


2 


-0.5 

14 

CC Ct tc 


3 


-0.5 

21 

CC (t tc 


4 

38.4 

-0.8 

28 

During ether anesthesia 


5 

38.8 

-0.7 

28 

100 minutes after anesthesia 


6 

38.6 

-0.3 

10 









^ Warm cabinet bad become overheated reaching 38° C. instead of 34° C. 
••Rectal thermometer slipped from rectum. 

’ Experiment terminated before 30 minutes of cooling. 


has been arbitrarily decided that vasoconstriction is in active progress in the 
testing routine described when the falling ear temperature reached 30° C. (see 
fig- 1). In many tests shivering was so pronounced that the ear temperature 
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remained elevated for longer than the 30-minute cold period. In table 2 are 
given the exposure times to cold before peripheral vasoconstriction was in active 
progress as indicated by a fall in ear temperature of 30° C. in the cold environ- 
ment of 30° C. It will be noted that peripheral vasoconstriction did occur during 
ether anesthesia and in the three hours following ether anesthesia. Compared 
with the normal controls the ether anesthesia did not prolong significantly the 
time required for peripheral vasoconstriction. In deep anesthesia with other 
anesthetics, for example, barbiturates (2), anesthesia abolishes peripheral vaso- 
constriction. 


DISCUSSION 

These results indicate that ether anesthesia in dosages necessary for light sur- 
gical anesthesia has a depressing effect on temperature-regulating responses. 
Neither shivering nor peripheral vasoconstriction are abolished but the fine regu- 
lation of these responses is sufficiently mpaired that rectal temperature cannot 
be maintained. After discontinuing ether anesthesia recovery is rapid and the 
normal thermoregulatory state for maintenance of body temperatue in the cold 
is reached within two to three hours after cessation of ether breathing. 

SUMMARY 

Medium-sized dogs were subjected to a cold exposm-e test for determining the 
thermoregulatory responses of a) shivering, b) peripheral vasoconstriction due to 
cold and c) maintenance of rectal temperature. The test was performed on 
unanesthetized dogs, dogs under anesthesia and the same animals at varying 
times after anesthesia. Neither shivering nor peripheral vasoconstriction are 
abolished by the anesthetic but fine regulation of body temperature is impaired 
to the degree that normal rectal temperatures cannot be maintained in the cold. 
The temperature regulatory responses of dogs are normal within two to three 
hours after cessation of ether anesthesia. 
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The reduction in vital capacity coincident with recumbenc 3 '- was described by 
Hutchinson (1). Hamilton and Morgan (2) found that pooling of blood in the 
extremities produced b 3 '- inflating blood pressure cuffs to diastolic level resulted 
in an increase in the recumbent vital capacity. Dow (3) found that in 42 normal 
subjects the vital capacity decreased 192 cc. on lying supine; but when pooling 
of blood in the four extremities was produced, the recumbent vital capacity 
recovered 102 cc. However, the above investigation actually produced pro- 
gressive pooling of blood in the arms and legs b 3 '- inflating cuffs on^r to diastolic 
level. It is the purpose of this paper to report the results obtained with blood 
pressure cuffs inflated to a pressure above systolic level in order to maintain the 
volume of blood in the extremities at a constant level. 

Nine young adult male subjects were used in these studies of vital capacity in 
the standing and recumbent position with cuffs at the bases of the extremities 
inflated to diastolic pressure, above systolic pressure, and with the cuffs non- 
inflated. Equipment included an ordinary spirometer and a precision wet test 
gas meter. A pressure reservoir was utilized so that simultaneous filling of the 
B.P. cuffs was possible. At least 10 readings of vital capacity were taken in the 
various conditions for each subject. 

RESULTS 

Table 1 below shows that in group I there is 185 cc. mean reduction in vital 
capacity when a standing subject with non-inflated cuffs assumes the supine 
position. The latter condition is the only one in this group with a significant 
deviation from column 1. In column 5 the cuff pressure was raised to above 
systolic level just before the standing subjectwould recline, thus occluding arterial 
inflow into, as well as venous return from, the extremities. There is an insig- 
nificant 6 cc. discrepancy between columns 1 and 5, shovfing that the reflux of 
venous blood from the trunk and head did not significantly lower vital capacity 
in these subjects. A comparison of the first four columns reveals that cuffs 
maintained at diastolic level nullify the decrease in recumbent vital capacity 
found in the same subjects with non-inflated cuffs. 

It was noted that an intense reactive h 3 ’'peremia, as described by Lewis (4), 
follows the release of s 3 ’'stolic pressure cuffs. In addition, brad 3 '-cardia and h 3 q)o- 
tension regularl 3 ’- occurred with the subjects in the erect posture. S 3 mcope was 
manifest in two of the five subjects studied. In the recumbent position the 

* Aided bj' a grant from the National Foundation for Infantile Parab'sis, Inc. 
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bradycardia and hypotension did not occur although the same degree of reactive 
hyperemia was present. Observations on vital capacity in the erect posture with 
systolic cuffs cannot be repeated in close succession without obtaining fictitiously 
low values, due presumably to the above effect. v 

With this pitfall in mind, group II (table 2) was studied with'reference to com- 
paring vital capacity standing with non-inflated cuffs with vital capacity standing 
and supine with cuffs inflated to above systolic blood pressure. There is no sig- 


TABLE 1 
Group 



STANDING WITH 
DEFLATED CUFFS 

1 

SUPIKE WITH 
DEFLATED CUFFS 

2 

STAKDING WITH 
DIASTOLIC CUFFS 

3 

SUPINE WITH 
DIASTOLIC CUFFS 

4 

SUPINE WITH 
SYSTOLIC CUFFS 

s 

C. S. B. 

G. S. C. 

K. W. C. 
W. L. W. 

D. J. S. 
Mean 

5035 ±16 P.E. 
4S09 ±12 P.E. 
5302 ±16 P.E. 
5947 ±11 P.E. 
5181 ±9 P.E. 
5254 

4837 ±30 P.E. 
4625 ±18 P.E. 
5183 ±15 P.E. 
5590 ±10 P.E. 
5112 ±11 P.E. 
5069 

4991 ±8 P.E. 
4802 ±14 P.E. 
5289 ±13 P.E. 
6041 ±13 P.E. 
5078 ±13 P.E. 
5240 

4889 ±22 P.E. 
4889 ±14 P.E. 
5258 ±11 P.E. 
5944 ±15 P.E. 
5155 ±11 P.E. 
5227 

4836 ±33 P.E. 
4938 ±14 P.E. 
5266 ±14 P.E. 
6043 ±14 P.E. 
5165 ±9 P.E. 
5249 


1 Vital capacity expressed in cc. 


TABLE 2 
Group II^ 



STANDING WITH 
DEFLATED CUFFS 

6 

STANDING WITH 
SYSTOLIC CUFFS 

7 

SUPINE WITH SYSTOLIC 
CUFFS 

8 

B. B. H. 

4966 ±16 P.E. 

5074 ±17 P.E. 

4797 ±15 P.E. 

C. R. H. 1 

4014 ±7 P.E. 

3986 ±13 P.E. 

3776 ±9 P.E. 

J. P. L. 1 

5240 ±24 P.E. 

5183 ±18 P.E. 

4826 ±15 P.E. 

H. L. H. 

4736 ±17 P.E. 

4788 ±9 P.E. 

4595 ±12 P.E. 

Mean 

1 

4746 

4757 

4498 


^ Vital capacity expressed in cc. 


nificant difference in the vital capacities of subjects standing with non-inflated 
cuffs as opposed to standing -with cuffs at above s^'^stolic pressure. 

The subjects in group II had the cuffs raised to above systolic blood pressure 
after reclining for 3-5 minutes (in contrast to group I whose cuffs were in ate 
before the subjects reclined). Consequently column 8 displays a significant 
cc. reduction in vital capacity when compared to column 6, indicating that e 
pooling of blood in the lungs of a recumbent individual wdll in less than 
minutes result in a decreased vital capacity. 

CONCLUSION 

1. The vital capacities -were determined in nine adult male subjects 
standing and supine positions with cuffs placed at the bases of the arms and legs 
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inflated to diastolic pressure, above systolic pressure, and non-inflated. When 
the cuffs were inflated to a level above systohc blood pressure before the standing 
subjects would recline, the reflux of venous blood from the trunk and head did not 
lower vital capacity. 

2. There was no difference between the vital capacity of subjects standing with 
the cuffs inflated above systolic pressure and the vital capacity of these same 
subjects standing vdth non-inflated cuffs. 
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Although there are in the literature numerous studies of the maximum time 
that the breath can be held under various conditions (1), there is little information 
available regarding the changes in alveolar gas composition during breath hold- 
ing. The composition of the alveolar air at the end of the involuntary apnoea 
(not the maximum voluntary apnoea) produced by two minutes of hyperventila- 
tion has been measured by Douglas and Haldane (2) with various concentrations 
of oxygen in the air inspired during the period of forced breathing. The same 
authors (3) as well as Hill and Flack (4, 5) have compared the alveolar composi- 
tions existing at the end of maximum breath holding when air and when pure 
oxygen were previously breathed. Ferris et al. (6) have measured the pC02 and 
p 02 of the arterial blood at the ‘breaking point’ and recognize these factors as 
interrelated stimuli for termination of breath holding. 

It is the purpose here to present data showing the alveolar gas exchange during 
periods of breath holding following the breathing of various inspired oxygen ten- 
sions and to consider the factors determining the maximum duration of breath 
holding. 


METHODS 

In all cases the breath was held at the end of a normal expiration in the sitting 
position. The same eight trained subjects^ were used in all experiments. The 
breath was held as long as possible and the expiratory reserve was then vigorously 
blown through a large stopcock into a rubber tube two meters long and 2.5 centi- 
meters in diameter. As soon as the expiration was complete the stopcock was 
closed to trap the sample of alveolar air in the tube. A small side arm just belov 
the stopcock delivered the sample to the oxygen and carbon dioxide meters (7) 
where it was immediately analyzed. 

Low oxygen tensions in the inspired air ivere obtained in a high altitude cham- 
ber by going in succession to simulated altitudes of 8, 12, 16 and 18 thousand feet. 
The subjects, who wore ear oximeters, remained at each altitude for about twent}^ 
minutes and delivered two samples which were analyzed at that altitude. Upon 
return to ground level the breath-holding test was repeated. 

Oxygen tensions higher than normal were obtained by breathing 32 per cen^ 

' Work done under contract recommended by Committee on Medical Research between 
the Office of Scientific Research and Development and the University of Rochester, an 
under contract with the Air Materiel Command, Wright Field. 

- We wish to acknowledge the fine cooperation of the members of Civilian Public Service 
Unit No. 115-R who served as subjects and technicians during these experiments. 
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and 45 per cent oxygen in nitrogen and 100 per cent oxygen from large spirom- 
eters at ground level for ten minutes before the breath was held. Each test was 
repeated twice or until reliable checks were obtained upon repeated trials. 

RESULTS 

At ground level, and particularly at the higher altitudes, there was no hesita- 
tion on the part of the subjects in deciding exactly when further apnoea was im- 
possible. On the other hand, at the two highest oxygen concentrations it was 
often rather difficult to decide when the real breaking point had been reached. 
While holding the breath at these high oxygen tensions, the subjects experienced 
involuntary contractions of the respiratory muscles which became increasingly 
violent and rapid. At first they involved the diaphragm and later the inter- 
costals and accessory breathing muscles. Simultaneously the subject expe- 
rienced sensations of intense warmth with flushing of the skin and sweating, par- 
ticularly of the forehead and of the palms of the hand. Even so, the first minute 
of apnoea on pure oxygen frequently seemed more uncomfortable than the last 
minute. 

At the 18,000-foot altitude all subjects came very close to fainting. Some 
actually lost postural control momentarily with involuntary swaying of the body 
or head. Two men, however, were able to carry out the breath-holding maneu- 
ver successfully at 20,000 feet. 

A summary of the average breath-holding times for eight subjects at 10 dif- 
ferent tensions of inspired o.xygen is given in table 1. Data are also given for 
ear oximeter readings at the breaking point, mean R.Q. during the period of 
apnoea and terminal values of alveolar pC02 and pOo. In general the higher the 
O 2 tension, the higher the CO 2 at the breaking point and the longer the period 
of voluntary apnoea. The observed arterial saturations are all slightly lower 
than the values calculated from the alveolar gas tensions, presumably because the 
oximeter falls suddenly at the time of forcible expiration, as if from some circu- 
latory disturbance, and we recorded only the lowest values. 

The data relating to composition of the alveolar gas are graphically depicted 
in figure 1 by plotting them on a PCO 2 -PO 2 diagram (8). The numbered circles 
indicate the average breaking points in the various experiments and form the 
basis for constructing the breaking point curve. This curve also adequately fits 
the breaking points determined from analysis of arterial blood b 3 '’ Ferris et al. (6) . 
It is also similar in shape to the curve of Douglas and Haldane (2) showing the 
points at which involuntary apnoea folloNHng hyperventilation ceases, but is 
located higher on the diagram. The starting point for each test is indicated bj’’ 
the appropriate PCO 2 -PO 2 value on the normal alveolar gas curve (constructed 
from our own data). The dotted lines leading from the starting points to the 
breaking points indicate the presumed time course of the alveolar gas changes 
during the breath-holding period. (The actual time course is known in onl^’- 
three subjects and will be discussed beloAV.) Except for the lower tensions of in- 
spired ox 3 "gen, the slopes of these lines become less with time, because the O 2 
uptake from the lungs remains relative^ constant while the CO 2 output di- 
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TABLE 1. Summary of alveolar gas tensions and other data in breath holding 

(b.h.) experiments 


(1) Experiment no. . 

(2) No. of subjects . . 

1 

8 

2 

8 

3 

8 

4 

8 

5 

8 

6= 

8 

7 

8 

8 

8 

9 

6 

10 

7 

(3) No. of expts 

12 

16 

16 

16 

16 

16 

22 

15 

13 

14 

(4) B-47 in mm. Hg . 

(5) Altitude in thou- 

332 

|365 I 

i 

436 

517 

697 

697 

702 

700 

691 

694 

sands of feet . . 

18 

16 

12 

8 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

(6) Inspired pOj 

69 

76 

91 

108 

146 

146 

147 

227 

317 

694 

(7) Inspired 02%. ■ - 

(8) Alveolar p02 be- 

Air 

Air 

Air 

Air 

Air 

Air 

Air 

32.4 

45.9 

100 

fore breath 
hold 

36 

41 

50 

! 

62 

104 

104 

104 

1871 

2771 

656 

(9) Alveolar pCO" 


before breath 
hold 

1 

1 

30 

33 

1 

37 

37 ; 

1 

38 

38 

38 

38 

38 

38 

(10) Alveolar pN 2 be- 


fore breath 
hold^ 

266 

291 

i 

349 

418 1 

555 1 

1 

555 

560 

475 

376 

0 

(11) Alveolar p02 



after breath 
hold 

28.0 

31.1 

36.1 

44.2 

62.7 

45.9 

52.1 

72.5 

157 

628® 

Std. dev. ± 

1.0 

2.9 

i 1.4 

3.0 

9.9 

6.7 

9.0 

16.0 

34.2 

3.9 

(12) Alveolar pCOo 



1 




1 

i 



after breath 
hold 

38.6 

42.3 

45.6 

46.9 

50.1 

48.3 

50.2 

57.5 

62.6 1 

66.3 

Std. dev. i: 

2.8 

2.6 

1.9 

1.2 

1.3 

3.1 

1.7 

4.4 

5.6 

3.9 

(13) Alveolar pN 2 











after breath 
hold® 

265 

1 

^292 

i 

354 

426 

1 

584 

603 

600 

570 

471 

0 

(14) Duration of B.H. 



153 

in seconds .... 

23 

25 

27 

30 

35 

59 

50 

92 

106 

Std. dev. ± 

6.4 

3.7 

, 6.4 

8.7 

4.4 

18.3 

17.1 

28.9 

38.9 

53.5 

(15) Hb02% by 1 




1 

1 







oximeter 

48 

1 

61 

71 

87 

70 





(16) Hb 02 % by calcu- 
lation 

55 

i 

58 

67 

77 

90 

78 

86 

92 



(17) Lung volume 







after B.H., 
liters 

3.0 

3.0 

2.97 

1 2.97 

1 

2.85 

2.76 

2.80 

2.50 

2.40 

2.42< 

(18) O 2 intake rate 





during B.H., 
cc/min 

73 

84 

109 

143 

264 

220 

230 : 

289 ; 

300 


(19) Average Il.Q. 

during breath 
hold 

1.07 

.93 

j .57 

1 .48 

1 

.22 

.10 

.16 

.08 

.08 









' Assumed 40 mm. Hg less than inspired pOo in row 6 . 

- Observations made immediately after hyperventilation caused by previous ‘ascen 
altitude. 

^ Calculated as row 4 minus row 12. Measurements on the 0: meter are verj' inaccura e 
at this level. 

* Calculated by equation 6 assuming Q = 0.1. _ . , 

pN and p'N were calculated by subtracting the COj and 0: tensions from B-47 in ron 
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Fig. 1. The preshjied course of change in alveolar gas composition during breath 
• holding under various conditions. 

Fig. 2. The alveolar pathway during breath holding and during hyperventilation. 
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minishes. This is explained bj’' the fact that although an ample gradient for 
transfer of O 2 from lungs to blood exists throughout the breath-holding period, 
the gradient for transfer of CO 2 in the opposite direction becomes progressively 
less favorable owing to the ever increasing pC 02 in the lungs. 

At the lower inspired O 2 tensions, however, the slopes of these dotted lines are 
steeper in general and do not fall olf much with time. At these O 2 tensions the 
alveolar diffusion gradient for oxygen is so much less than normal that the O 2 
uptake from the lungs is lower and more nearlj’" equal to the CO 2 transfer. 
Another manifestation of these processes is that the rate of change of lung volume 
during breath holding is greater the higher the p02 of the inspired air (9). 

The dotted lines in figure 1 represent the presumed time course of the alveolar 
air composition while breathing air at different altitudes. The time course de- 
pends, however, not onlj*^ upon the initial tension of oxj'gen but also on the per- 
centage of oxygen. Point A in figure 1 represents the alveolar air at ground 
level, breathing air. The same tensions of oxygen and carbon dioxide can be 
obtained by breathing pure o.xyg^n at an altitude of appro.ximateb'’ 34,000 feet. 
In this case when the breath is held, the composition of the alveolar air must 
remain somewhere on the line AB, this being the diagonal for an R.Q. of 1.0 
where PCO 2 -f- PO 2 = 142 (8). The carbon dioxide tension at point B is far 
higher than at point 7, breathing air. One of our subjects carried out this exper- 
iment and found that the PCO 2 at the breaking point was 48 mm breathing air 
at ground level but was 62.5 mm at 34,000 feet breathing pure oxygen. Like- 
wise the PO 2 was higher and the period of voluntary apnoea longer in the latter 
case. This experiment confirms, therefore, the theoretical expectations. If fke 
lungs contain pure O 2 , a passage of O 2 into the blood causes a decrease in volume 
but no change in O 2 tension. In the presence of a large amount of N 2 , however, 
a decrease in volume due to diffusion of O 2 results chiefly in increasing the pNs 
so that the O 2 tension becomes much less than when pure O 2 is breathed. This 
would tend to decrease the amount of CO 2 which can be tolerated and should 
shorten the breath-holding time. At the same initial oxygen tension, therefore, 
the greater the percentage of oxygen the less the decrease in p 02 for the same O 2 
consumption. As we have shown elsewhere (8) the R.Q. diagonals deviate less 
and less from the R.Q. = 1 line as the O 2 percentage increases until at 100 
per cent O 2 they all coincide. The breath-holding experiment referred to is a 
manifestation of this phenomenon. The observation of Brown (10) that the 
breath can be held longer at 30,000 feet on pure O 2 than at ground level on air is 
also consistent with this, but the results of Rodbard (1) who found that breath- 
holding times on ox 3 ^gen at 28,000 feet were less than at ground level on air can- 
not be explained on this basis. 

The changes in the R.Q. and the sequence of the changes in alveolar composi- 
tion during breath holding are shown in figure 2, which represents data on tluee 
subjects breathing air. Starting with an alveolar air represented by the repon 
of the curve marked ‘normal’, the breath was held for various periods of time, 
after which the alveolar air was exhaled and analj’’zed. The alveolar point moves . 
up the ‘breath-holding curve’ and gradually approaches the breaking point line. 
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In the other direction the line can be extended from the normal region to loM'er 
pC 02 values by voluntary hyperventilation for different periods at a high rate. 
In this way the alveolar air changes so as to approach the point on the axis of 
abscissae from which the R.Q. lines radiate (8). This point represents the com- 
position of the inspired air and can be reached only by an infinite ventilation rate. 
According to the chart, the R.Q. increases during hyperventilation. Thus the 
R.Q. is 1.4 where the hyperventilation curve intersects the 1.4 diagonal. When 
the breath is held the R.Q. becomes progressively less. In this case, however, 
the numerical magnitude of the R.Q. is not given by the diagonal R.Q. lines, 
because the original inspired air point can no longer apply when the glottis is 
closed, but rather by the slope (approximatel}^ of the breath-holding curve. At 

the beginning of apnoea the slope of this curve is such that = 0.5. Since 

the pN 2 is fairly large in this case the total volume of the lung does not change 

much so that without serious error = R.Q. The mean R.Q. during the 

Ap02 



Fig. 3. Theoretical breaking point curves constructed as described in the te.xt. 
The points are plotted from the experimental data in table 1. The standard deviation of 
each point is indicated by an ellipse. 

whole period of apnoea is of course much less. ^Vhere the breath-holding curve 
crosses the R.Q. = 0.6 diagonal, the slope of the curve actually indicates an R.Q. 
of 0.15. The correct method of calculating the R.Q. from the slope of the breath- 
holding curve will be given below. (See equations 6 and 7.) 

DISCUSSION 

For a more quantitative discussion of these results the following symbols will 
be used; 

Let pO, pC and pN be alveolar tensions of O-, CO 2 and Na before breath hold- 
ing. 

p'O, p'C and p'N = similar tensions at the breaking point 

FC and F'C = the fraction of CO 2 in the lungs before breath holding and at 
the breaking point, respectivelj’’ 

V and V' = lung volumes in cc. RTFS before and after breath holding. 

X and y = cc. of O 2 lost and CO 2 added, respectively, during breath holding 
at RTFS. 
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B = ambient pressure in mm Hg 

t = breath-holding time in minutes 

Xo = cc. O 2 diffusing out of lung per min. at S.T.P, 

Q = normal alveolar R.Q. preceding breath holding 
Q' = mean alveolar respiratorj’^ quotient during time t 
W = an unknown virtual volume of body water 


a = slope of the CO 2 dissociation curve for W. 


3500 cc. CQz (S.T.P.) 
liter/atm. 


Calculation of alveolar oxygen consumption during breath holding 


pOV - p'OV' 
B - 47 


( 1 ) 


_ pOV - p'OV' 273 ^ B - 47 
“ (B - 47)t ^ 310 ^ 760 

_ pOV - p'OV' 

863t 


The amount of nitrogen in the lung may be assumed to remain constant during 
breath holding, ^ so 


and 


p'NV' = pNV 


V'=P^V ' (3) 

p'N 

Substituting (3) in (2) gives 



The average rates of oxygen consumption have been calculated for the breath- 
holding periods according to equation 4 by assmning an initial lung volume of 
3000 cc. and the results are given in table 1. No value is given for experiment 
10, because no nitrogen was present and equation 4 does not apply. Equation 
2 could have been used in this case had the change in lung volume been Icnovm. 
It is apparent that the rate of oxygen consumption decreases from a normal value 
of 300 cc/min. during 106 seconds of breath holding at high oxygen tensions to 
73 cc/min. for the 23-second period at 18,000 feet. A decrease in the intake of 
O 2 from the lungs indicates either that the metabolic rate is decreasing or that the 
Oo reserves in the body (chiefly blood HbOo) are being drawn upon. That the 
latter is more probable is indicated by the follovnng argument. 

® We have calculated that in the experiments which involve the greatest change in 
(columns 8 and 9 of table 1) the amount of nitrogen taken out of the lung by the blood wou 
be less than 1 per cent of the total nitrogen present. 
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At 18,000 feet the breath was held for 23 seconds and during that time only 
28 cc. of Oo were removed from the lungs instead of the normal value of about 
120 cc. At the same time, however, the arterial saturation fell from a probable 
value of 70 per cent to an observed value (oximeter) of 48 per cent. If the aver- 
age fall in all the blood (including venous) were only half as great, at least 10 
per cent of the oxygen capacity of the blood or about 100 cc. could have been 
consumed in the tissues. It may be supposed, therefore, that the O 2 actuall}’’ 
used by the tissues does not decrease during the period of breath holding even 
at anoxic altitudes. 

Calculation of the mean alveolar R.Q. during breath holding 


p'CV' - pCV 
^ B - 47 

y p'CV' - pCV 
^ ~ X pOV - p'OV' 

Substituting (3) in (6) 


Q' = 



-pC 


pO - p'O 


pN 

p'N 


(5) 

( 6 ) 


(7) 


Equation 7 has been used to calculate the mean R.Q. during the breath- 
holding period for all experiments where nitrogen was present. The results are 
recorded in table 1. At 18,000 and at 16,000 feet the average R.Q. for the period 
of apnoea is 1.07 and 0.93, respectively, but at ground level on air the value is 
0.1 to 0.22 and when extra O 2 is added, values as low at 0.05 result. IVlien the 
R.Q. is less than unity, there is a decrease in lung volume during the breath- 
holding period. The lung volume at the end of the breath-holding period may 
be computed by equation 3. Results of this calculation, assuming an initial 
lung volume of 3.0 liters, are recorded in table 1. Wlien the breath is held on 
pure O 2 , equations 3 and 7 do not apply, but a relationship between lung volume 
change and R.Q. is given by equation 6. The final lung volume in experiment 
10 has been estimated by the use of this equation, assuming an R.Q. of 0.1 and 
an initial lung volume of 3.0 liters. 

The lung volume is not significantly lowered during breath holding on air at 
high altitudes, because the R.Q. is about unity, but at ground level and at high 
oxygen tensions the volume decreases from an initial value of 3.0 liters to a final 
value of 2.4 liters. vSince the breath was held at the end of a normal expiration, 
this means that the final lung volume is 600 cc. less than the relaxation volume 
and that some expiratoiA’’ effort is required to avoid the development of negative 
pressure within the lungs (11). Breath holding on pure oxygen at high altitudes 
involves an even greater decrease in volume. We have not investigated this 
matter thoroughly, but one subject who held his breath on oxygen at 34,000 
feet was unable, at the breaking point, to expire enough gas to give a sample for 
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analysis. It is probable that under such conditions, a decrease to the residual 
volume might be the decisive factor terminating breath holding. 

The high R.Q. values observed during breath holding at anoxic altitudes are 
the result of the decreased oxygen consumption that occurs under these conditions 
as described above. The low R.Q. values obtained at ground level where the 
oxygen consumption remained normal are due to retention of CO 2 in the blood 
and other tissues, the rising pC 02 in the lungs creating a less favorable gradient 
for CO 2 transfer. The amount of COo retained depends on the relative volumes 
involved of lung air and tissue water, on the slope of the CO 2 dissociation curve of 
the tissue water and on the length of time available for equilibration. 

The total CO 2 (S.T.P.) formed during a period of breath holding is given by 

(F'CV'- FCV) 1^) + ® 

If the alveolar O 2 consumption remains the same as before breath holding. 


(F-CV- - FCTO 

(F'CV' - FCV) + (F'C - FC)aW 

{8o3) 

B — 47 

Multiplying by =r — to convert ‘F’ to ‘p’ gives 

iJ — 47 


Q 


(9) 


(p'CV' - pCV) 


! (B - 47) 


(863) 


(p'CV' - pCV) + (P'C 


pOaW 


Q 


( 10 ) 


If values from table 1 for experiment 5, in which the breath was held on air 
at ground level for 35 seconds, are substituted in this equation, IF is found to be 
1.57 liters. For experiment 9, in Avhich the breath Avas held 106 seconds on a 
higher oxygen mixture, IF comes out to be 3.08 liters. The Amlue of 3500 for 
a is the slope of the CO 2 dissociation curve for blood at 45 mm Hg from Field 
et al. (12). Some justification for using this value for the tissues is found in a 
paper by Adolph et al. (13), AA^ho found that for a given rise in CO 2 tension, 3-18 
per cent of the CO 2 aa^s absorbed bj’’ the blood and 82-97 per cent or about nine 
times as much, on the average, by the tissues. Since the total volume of body 
water is about nine times the blood A'^olume, the slope of the CO 2 dissociation 
curves for blood and tissues must be about equal. If a is taken as only half that 
of blood, as indicated by the experiments of ShaAA" (14), the values of IF aaIU be 
doubled, but at any rate these calculations indicate that the CO 2 formed during 
breath holding equilibrates virtually AAuth only a small fraction of the total 
or 45 liters of bodj'^ AAmter. The blood Amlume alone is ample to account foi it. 

Actually, of course, the total blood Amlume is not equilibrated nor is anj'' other 
tissue. The blood leaving the lungs has a progressiAmly higher pC02 as breat 
holding continues, and the tissues AAdth the best circulation AA’ill be most near y 
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equilibrated. The more actively metabolizing tissues such as brain and kidney 
Avill not only produce more of the CO 2 formed during breath holding but will also 
retain a larger amount, because of their more rapid circulation. Some tissues 
may be so sIoavIj'’ circulated that during the shorter periods of breath holding they 
are not affected at.all. For a tissue to retain CO 2 during the breath-holding per- 
iod the duration must be at least as long as the circulation time from the lungs to 

that tissue. The steady decrease vdth time in the value that occurs when 

ApO 

the oxygen uptake from the lungs remains constant during breath holding is due, 
therefore, to retention of CO 2 in progressively greater fractions of the body water. 
Presumably if the breath were held long enough to stop all O 2 consumption and 
CO 2 production, and if the ciruclation continued long enough, the pC02 in the 
lungs would slowly fall, as the poorly circulated areas. of low metabolic rate grad- 
ually took up from the lungs their share of the CO 2 formed during the apnoea. 
A slight fall of alveolar pC02 has in fact been observed in obstructive asphyxia by 
Thompson and Birnbaum (15) and by Grodins et al. (16), but in similar experi- 
ments on dogs in this laboratorj’- (17) the heart apparently stopped before the 
fall could be recorded. 

The theoretical breaking point. Gray (18) has shown how various stimuli and 
inhibitions to breathing and their inter-relationships may be expressed in a 
quantitive fashion. The success with which Gray applied his approach to var- 
ious respiratory problems suggests the application of his methods to the phenom- 
enon of breath holdingj, 

Breath holding is an example of the voluntary inhibition of an ordinarily in- 
voluntarj'- process. It seems reasonable to assume that if one could express 
inhibition in quantitative units, maximum voluntary inhibition would be a con- 
stant value independent of the nature of the opposing stimuli. The breaking 
point in breath holding might then be considered as the point at which the stim- 
ulus to breathe becomes equal to the maximum voluntary inhibition. , 

The principal stimuli acting during breath holding are probably the PCO 2 , 
the H ion concentration, and the p02 of the arterial blood. Gray has shown that 
the partial effects of each of these stimuli may be computed independently and 
that the net total stimulus is the algebraic sum of all three. The chemical 
ventilation equatioji describing this relationship is: 

105 

V.R. = 0.22 H -b 0.262 PCO 2 - 16 -f 

where F.72. is the ventilation ratio or the ratio of the observed to the normal 
alveolar ventilation. If the bicarbonate capacity is normal, H and pCOn are 
so related that the above equation is simplified to : 

105 

~ d-4 PCO 2 — 15-1- jqo.osspOo 

This equation applies exacth' to steady state conditions only. Since no equa- 
tion of this sort has yet been derived to describe the particular unsteady state 
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that exists during breath holding, the above equation has been used to estimate 
the stimulus strength existing at the bi'eaking point for each set of data in table 
1. The results of these calculations are shown in table 2. The different values 
obtained for the total stimulus at the breaking point are hardly constant as would 
be demanded by an hjqrothesis of a constant maximum voluntary inhibition.’ 
This discrepancy ma}^ be due to the inaccuracy previouslj’’ pointed out of ap- 
pljdng a steady state equation to an unsteady state, to a less close approach to 
equilibrium between alveolar air and arterial blood during breath holding than 
during normal breathing, (although the close correspondence between our breath- 
holding curve based on alveolar air values and a similar curve based on arterial 


TABLE 2. The theoretical ventilation sti.\iulus existing at the breaking 

POINT OF BREATH HOLDING 


pCOs 

pOs 

V-^-H.pCO. 

V.R.pO, 

V.R.TotaI 

38.6 

28.0 

0.4 

9.1 

9.5 

42.3 

31.1 

1.9 

6.9 

8.8 

45.6 

36.1 

3.3 

4.3 

7.8 

46.9 

44.2 

3.8 

2.2 

6.0 

50.1 

62.7 

5.0 

0.4 

5.4 

48.3 

45.9 

4.3 

1.9 

6.2 

50.2 

52.1 

5.1 

1.1 

6.2 

57.5 

72.5 

8.0 

0.2 

8.2 

62.6 

157. 

10.0 

0 

10.0 

66,3 

527. 

11.5 

tD 

11.5 

Mean 

8.0 




Explanation of column headings: 

pCOz and pOj refer to the alveolar gas tensions in mm. Hg measured at the breaking 
point. 

V.R.HpCOj = 0.4pCO: — 15, and is the partial ventilation stimulus due to the H ion, 
pCOs complex. 

105 

■V.R.pOj = -j^oTiSpbj nnd is the partial ventilation stimulus due to pOs. 

V.H.Totai = V.R.h.pCO: + V.R.pO: and is the total stimulus to breathe at the breaking 
point. According to the proposed hj’-pothesis, it is also equal to the maximum voluntarj' 
inhibition. 

blood values (6) would seem to minimize this) and possibly to the action of stim- 
uli such as reflexes from the lungs and formation of lactic acid which are not taken 
into account in the equation. The calculated partial stimulus effects of pCOi 
and of p 02 in each case are probably relatively correct and indicate that the 
stimulus at the brealdng point in the various experiments of table 1 ma)^ bp 
a) completely due to high pCOa, h) almost completely due to low pOj or c) due 
to various combinations of h 3 T)ercapnic and hj’-poxic stimuli. The mean value 
for the total stimulus at the breaking point (V.R. = 8) has been used as a basis 
for constructing a theoretical curve for breath holding. the method indicate 

in table 3 various pCOo, pOs combinations that should produce a total \ .R. 
have been calculated. The theoretical breaking point curve for breath holding 
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lias been plotted from these calculated pC02,p02 combinations on figm-e 3 (curve 
labeled V.R. = 8) along with the original experimentally determined points. 
Two other similarly constructed curves assuming constant stimuli of V.R. = 7 
and V.R. = 10, respectively, are shown on the same graph for comparison. 
These curves are of approximately the proper shape, and except at the higher 
COo tensions, the fit of the curve for V.R. = 8 is hardly worse than the scatter 
of the original data, which is indicated by the ellipses of standard deidation sur- 
rounding each point. 

Although the hypothesis that the brealdng point of breath holding occurs when 
the total stimulus to breathe becomes equal in value to a constant maximum 
voluntary inhibition is not proven by the above treatment, the results are grati- 
fying enough to suggest further work. For example, the curve for the breaking 
point should be displaced downwards and to the right in persons acclimatized to 


TABLE 3. Calculated pCOj, p02 values that will give a total ventilation 

RATIO EQUAL TO 8 


■V.R-H,pC02 

v.R.po^ 

pCO. 

PO 2 

8 

0 

57.5 

100 

7 

1 

55.0 

53.2 

6 

2 

52.5 

45.2 

5 

3 

50.0 

40.5 

4 

4 

47.5 

37.4 

3 

5 

45.0 

34.7 

2 

6 

42.5 

32.6 

1 

7 

40.0 

31.0 

0 

8 

37.5 

29.3 


Explanation of column headings: 

V.R.H.pCOirefers to the partial stimulus effect assumed due to the H ion, PCO 2 complex. 
V.R.pOa = 8 — V.R.H.PCO 2 

pCO; was calculated from the equation, V.R.HpCOj = 0.4 pC02 — 15 

’ 105 

pOs was calculated from the equation V.R.pOi = jqo.osspOs 


altitude because, as Gray has pointed out, the ventilation of such individuals 
has increased sensitivity to CO 2 . Exercise, either active or passive, should also 
similarly displace the curve because a strong reflex stimulus to breathe would be 
added to the H, PCO 2 , pOo combination. The maximum voluntary inhibition 
estimated above and expressed as V.R. = 8 is close to the maximum ventilation 
rate attained during active muscular exercise. If a person exercised at a rate 
such that his ventilation equalled the maximum voluntary inhibition, then he 
should not be able to stop breathing at all. His breath-holding time would be 
zero. 


SmiJLVRY 

1. Breath holding was investigated in eight subjects at inspired oxygen tensions 
varying from 69 to 694 mm Hg. The time, HbOo per cent, CO 2 and O 2 alveolar 
tensions were recorded at the breaking point. 
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2 . At high O2 tensions the breath-holding time was long, the R.Q. was 0.05 
to 0.1 due to retention of CO2 and the rate of O2 consumption during apnoea was 
normal. 

3 . At low O2 tensions ( 18,000 feet) the breath-holding time was short, the rate 
of O2 consumption only about one-fourth the normal, so that the R.Q. was about 
1 . 0 . 

4 . When R.Q. is less than 1.0 the lung volume tends to decrease. If N2 is 
present this results chiefly in increasing pN2 so that p02 decreases rapidly. 
When N2 is absent the decrease in volume chieflj’’ prevents the PO2 from falling, 
so that the PCO2 is much higher at the breaking point for the same initial alveo- 
lar PO2. 

5 . Theoretical treatment of the data indicates that the breaking point of breath 
holding occurs when the sum of the separate partial stimuli from low p02 and 
from high pC02 gives a total stimulus sufficient to produce an alveolar ventila- 
tion about eight times the normal. 

REFERENCES 

1. Rodbard, S. This Journal 160; 142, 1947. 

2. Douglas, C. G. and J. S. Haldane. J. Physiol. 38: 401, 1909a. 

3. Douglas, C. G. and J. S. Haldane. J. Physiol. 38: 420, 1909b. 

4. Hill, L. and M. Flack. J. Physiol. 37: 77, 1908. 

5. Hill, L. and M. Flack. J. Physiol. 40: 347, 1910. 

6. Ferris, E. B., G. L. Engel, C. D. Stevens and J. Webb. J. Clin. Invest. 26:734, 1946. 

7. Rahn, H., j. Mohney, A. B. Otis and W. O. Fenn. J. Aviation Med. 17: 173, 1946. 

8. Fenn, W. 0., H. Rahn and A. B. Otis. This Journal 146: 637, 1946. 

9. Stevens, C. D., E. B. Ferris, J. Webb, G. L. Engel and M. Logan. J. Clin. Invest. 
26; 723, 1946. 

10. Brown, E. B. U. S. Naval Air Base Research Report, Pensacola, Florida, Oct. 5, 1944- 

11. Rahn, H., A. B. Otis, L. E. Chadwick and W. O. Fenn. This Journal 146: 161, 1946. 

12. Field, H., A. V. Bock, E. F. Gilden and F. L. Lathrop. J. Clin. Invest. 1: 65, 1924. 

13. Adolph, E. F., F. D. Nance and M. S. Shiling. This Journal 87: 532, 1929. 

14. Shaw, L. A. This Journal 79 : 91, 1926. 

15. Thompson, S. A. and G. L. Birnbaum. J. Thorac. Surg. 12: 607, 1943. 

16. Grodins, F. S., a. Lein and H. Adler. This Journal 147: 433, 1946. 

17. Herber, Florence. Personal communication, 1946. 

18. Gray, J. S. Science 103; 739, 1946. 


X 



METABOLIC CHANGES OF BLOOD AND TISSUE GASES DURING 

ASPHYXIA! 

FLORENCE J. HERBER 

From the Department Physiology, University of Rochester School of Medicine and 

Dentistry, Rochester, New York 

Received for publication January 19, 1948 

Recently several investigators (1-4) have questioned the alleged benefits of 5 to 7 
per cent CO 2 in oxygen as a resuscitating agent for cases of obstructive as- 
phyxia. The present study was undertaken, first, in order to confii’m evidence 
concerning the acid-base balance of the blood during obstructive asphyxia, and 
thereby to aid in the evaluation of the CO 2 -O 2 mixture as a resuscitating agent 
in such cases. Secondly, we have expanded that evidence to include a simultane- 
ous study of blood lactic acid levels, (a measure of the degree of metabolic aci- 
dosis during asphyxia), and other pertinent variables to be indicated. Thii'dly, 
we have made a preliminary study of the metabolic activity of muscle tissue 
during obstructive asphyxia. Efforts have been made to correlate it with si- 
multaneous acid-base variations in the blood. 

METHODS 

The study of 10 healthy dogs, anesthetized by intraperitoneal injections of 
Dial- to surgical anesthesia, is reported here. The trachea was cannulated, and 
each dog was asphyxiated by rebreathing frorn a small spirometer a quantity 
of room air approximately equal to four times its tidal volume. Respiratory 
excursions throughout the asphyxiating procedure were recorded on a moving 
drum by a writer attached to the spirometer bell. A 5 cc. alveolar air sample 
was withdrawn from the rebreathing tube into an airtight syringe every one or 
two minutes during the asphyxiating procedure. Just before each sample was 
drawn, the chest was forcibly compressed, and held in this position during the 
sampling. The syringes were inverted in tubes of mercury, and so sealed until 
analyzed for CO 2 content within 24 hours by the Fry (5) gas analyzer. 

Every one or two minutes during the asphyxiating procedure a 5-6 cc. sample 
of arterial blood was withdrawn from the cai’otid artery through a blunted needle 
into a sjTinge, the dead space of which had been filled with 6.5 percent NaF. 
The exact amount of fluoride in each syringe was determined, and this dilution 
factor considered when calculating blood concentration from the analytical 
figures. Approximately 6 mgm. of fluoride per cc. of blood was found to be 
sufificient to prevent clotting and glycolysis for 48 hours, if the blood was stored 

> Work done under contract recommended by the Committee on Medical Research be- 
tween the Office of Scientific Research and Development and the University of Rochester, 
and under contract with the Air Materiel Command, Wright Field. 

- Each cc. containing 0.1 gram diallylbarbituric acid, 0.4 gram urethane, 0.4 gram mono- 
ethylurea, and q.s. distilled water. 
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in ice water. The withdrawal and storage of the blood was done ^wthout e.x- 
posing it to air. The CO 2 and O 2 contents of 0.5 cc. arterial samples were meas- 
ured by the Van Slyke and Neill (6) manometric technique of blood gas analysis. 
Arterial pH was determined at room temperature by the Beckman pH meter in 
a capillary glass electrode, without exposure to air. The hematocrit ratios were 
determined on duplicate samples of arterial blood, centrifuged exactly 20 min- 
utes at 4000 r.p.m. The arterial blood of dogs 4- 10 was analyzed for lactic 

acid, according to the Barker and Summerson (7) technique, and the color con- 
centration read by the Klett-Summerson colorimeter, using a 460 mu filter. 

One-half hour before the beginning of asphyxia, the tibialis anterior and 
peroneus longus muscles in each hind leg of dogs 8, 9, and 10 were dissected free, 
leaving blood and nerve supply intact. The skin flaps were closed to permit 
the reestablislunent of normal gas content of the muscles. Two samples, each 
approximately 1 gram in size, were cut from each isolated muscle and the two 
corresponding samples from the other leg at death. The transfer of tissues to 
stoppered containei’s of COo-free FeFj was made as quickly as possible (15 to 
20 seconds from the time the skin flap was opened), h'luscle CO 2 content 
was determined by the method of Danielson and Hastings (8), a modification of 
the Van Slyke manometric technique for blood gas analysis. 

Electrocardiographic records (lead I only) were taken for 20 seconds out of 
every one or two minutes, i.e., at exactly the same time as blood and alveolar 
air were sampled by assistants in the ejqjeriment. 

Muscles samples were analyzed within 18 hours after the experiment, and 
blood samples within 24 hours. The proteins and sugars were precipitated for 
the lactic acid determination wthin 24 hours, though completion of these analy- 
ses ■was often delayed up to 72 hours. 

No attempt was made to resuscitate the animals, but blood samples were 
■withdrawn as long as the arterial pressure ■would permit, and alveolar air samples 
were taken over the same length of time. 

RESULTS 

The mean values of each variable measured (with the exception of muscle 
CO 2 ), as well as their standard deviations, are presented in table 1. There was 
a wide variation from animal to animal in sur'vival time; the mean figures for 
each variable therefore have progressively less reliability after the seven-minute 
interval. The same mean values are plotted in figure 1 as percentage change 
from the control values against time after the rebreathing began. 

The mean curve of pulmonary ventilation reached its peak 4 minutes after 
rebreathing began. Respiration began to fail from 3| to 6 minutes, and com- 
pletely ceased from 4^ to 7J minutes after asphyxia began. Alveolar CO 2 
continued to rise throughout the experiments, from a control mean of 6.48 pei- 
cent to 14.10 percent at death. Every animal showed a progi’essive rise in al- 
veolar CO 2 content. 

Though the arterial pressure w’^as not regularly recorded, in all cases it dropped 
so low^ that no more blood could be wdthdrawn. The average critical period be- 
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tween cessation of respiration and failure of blood pressure to the point where 
no more blood could be drarvn was 2.7 minutes. 

A mean rise in whole blood CO 2 content from 41.5 to 57.1, or a change of 15.6 
vol. percent, occurred during the first 8 minutes, followed by a fall to 52.1, at 
the end of 10 minutes. The decreasing CO 2 content was shown by 7 of the 10 
dogs reported here. JNIean blood oxygen fell from a control level of 18.03 vol. 
percent to 0.33 vol. percent, 69.4 percent of the oxygen being lost during the 

TABLE 1. Mean experimental data on asphyxiated dogs 


Each figure is an average of data from 8 to 10 dogs, unless otherwise stated. The stand- 
ard deviations are given below each figure. 



NORiTAL 

2 UIN. 

4 MIN. 

6 UIN. 

7 UIN. 

8 MIN. 

9 UIN. 

10 UIN 

Respiration analy- 









ses 









% CO 2 in alve- 









olar air 

6.48 


10.07 

11.83 

13.80' 

13.67' 

14.17= 

14.10= 

O’ 

0.74 


1.05 

1.39 

0.35 

1.80 

1.62 

1.84 

Alveolar pCOs in 









mm. Hg 

48.0 

59.3 

70.7 

83.5 

90.3= 

95.1' 

97.8' 

98.5= 

O' 

4.51 

4.35 

7.22 

8.95 

13.14 

12.86 

12.24 

24.36 

Pulmonary venti- 









lation in cc/min. 

1153 

3618 

5236 

3596“ 

2892= 




O' 

280 

198 

2432 

2462 

634 




Arterial blood an- 









alyses: whole 









blood as drawn 









Vol % CO: 

41.51 

46.35 

50.78 

53.59 

51.80= 

57.07= 

51.0= 

52.1= 

O’ 

5.55 

4.97 

5.43 

6.03 

2.40 

2.99 

8.63 

4.36 

Vol % O 2 

18.03 

13.04 

5.54 

1.92 

0.37= 

0.99= 

0.44= 

0.33= 

O' 

2.70 

1.73 

3.35 

1.82 

0.31 

0.44 

0.14 

0.18 

pH 37° 

7.26 

7.22 

7.19 

7.13 

7.09= 

7.07= 

7.07= 

7.00= 

O' 

0.04 

0.06 

0.05 

0.05 

0.06 

0.09 

0.07 

0.05 

Hematocrit 

39.4 

37.7 

41.2 

43.9 

49.2= 

48.3= 

47.6= 

50.5’ 

O' 

6.6 

8.1 

4.6 

7.2 

2.2 

2.2 

6.1 

3.8 

Lactic acid con- 









tent in mEq/L . . 

1.22 

1.15 

1.49 

2.08' 

2.92= 

3.10= 


3.40= 

O' 

0.58 

0.45 

0.47 

0.85 

0.80 

1.28 


1.85 

Heart rate/min. . . 

140 

126 

117 

88 

31= 

94= 

34= 


O' 

30.3 

35.5 

30.9 

41.1 

17.0 

45.3 

10.3 



' 6 or 7 animals averaged. - Less than 6 animals averaged. ’ 2 animals averaged. 


first four minutes of asph^-xiation, and 89.4 percent within the first six minutes. 
A temperature correction of —0.01 pH unit per 1°C. rise was applied to the pH 
values measured at room temperature (9). The results indicate a steady fall in 
arterial pH from a control mean of 7.26 to a terminal value of 7.00. 

Control hematocrit values spread from 30.8 to 52.1 percent. As asphyxia 
pi-ogressed, however, the percentage in each dog rose, resulting in a mean increase 
of 28.2 percent during 10 minutes of asphj^xia. 
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Fig. 1. Summary of variables observed during aspht-xia. The mean values of each 
variable are expressed as per cent change from the control. On the right is the scale for 
pulmonary ventilation. All other variables are plotted using the left hand scale. 

Ventilation = cc. pulmonary ventilation/minute; pCO: = alveolar tension in mm.Hg; 
Lactic ac. = mg. lactic acid /100 cc. whole blood; Os = cc. Os/100 cc. whole blood; COs = oc. 
COs/lOO cc. whole blood; (H+) = hydrogen ion concentration of plasma at 37° C.; % cells = 
hematocrit (4000 r.p.m. for 20 minutes); Heart rate = recorded by electrocardiogram. 
• Fig. 2 . Acid-base balance of tub blood during asphyxia. The small interior he.xagon 
represents the range of normal variation of dogs, as determined by Grodins, Lein, and Adler, 
this J ournal 147 : 433, 1946 (see text) . The solid line represents the mean acid-base displace- 
ment of our dogs during asphyxia. (The calculations of the (BHCOs) value of the last (10 
min.) point by the Van Slyke and Sendroy nomogram make use of only two hematocrit 
values, separated by 8.9 per cent. Calculations using individual hematocrit values of 
46.0 and 54.9 per cent give values of 52.6 and 54.4 (BHCO 3 ) respectively) . The dashed line 
indicates the mean acid-base path of Grodins’ asphyxiated dogs, reproduced from avail- 
able data and graphs. 
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Lactic acid content of the arterial blood rose from a mean control level of 11 
mgm. percent to 30.6 mgm. percent after 10 minutes of asphyxiation. The rise 
in lactic acid content did not become marked, however, until after about 6 min- 
utes of asphyxiation, folloiving which it rose very rapidly. This rise accompanied 
the fall of arterial oxygen below five volumes percent. This same relationship 
Avas pointed out by Scholander (10, 11) and Grinnell, Irving, and Scholander 
(12) on arrested breathing experiments with several species of animals. 

The control heart rate, as recorded by the string galvanometer, was exceedingly 
variable from animal to animal, though the heart rate of each animal gradually 
decreased as asphyxia progressed. Cardiac change occurred, after respiration 
had ceased, usually in the form of auricular fibrillation and complete heart block. 


TABLE 2. Dog muscle CO 2 content — control and death from asphyxia 


EXPERIilENT 

NUMBER 

MUSCLE ANALYZED 

TOTAL CO2 IN VOL, PERCENT 

1 

1 COMBINED CO2 IN VOL. PERCENT 

1 .. 

Normal 

Death 

Normal 

Death 

Av. A COj 

8 

Tibialis anterior 

36.5 

31.6 

33.9 

26.4 




29.0 

25.0 

26.4 

19.8 

-7.0 


Peroneus longus 

32.8 

37.0 

30.2 

31.8 




35.6 

29.9 

33.0 

24.7 

-3.3 

9 

Tibialis anterior 

36.7 

37.1 

33.6 

30.8 




34.2 

37.2 

31.1 

30.9 

-1.5 


Peroneus longus 

33.4 

38.6 

30.3 

32.3 



1 

38.0 

29.1 

34.9 

22.8 

-5.0 

10 

Tibialis anterior 

— 

33.1 

— 

27.4 




33.8 

33.5 

31.0 

27.8 

-3.2 


Peroneus longus 

36.2 

35.9 

33.4 

30.2 




37.9 

38.6 

35.1 

32.9 

-2.7 

Mean 

34.9 

33.9 

32.1 

1 28.2 



Average A CO2 


-3.8 


A supraventricular tachycardia that cannot further be defined is the cause of the 
increase in mean heart rate at the eight-minute interval. 

Complete muscle data are found in table 2. The mean difference between, 
samples of the same muscle is 3.04 vol. percent, and the a- of the difference is 
2.12. Total CO 2 Avas analyzed directly by the Danielson and Hastings tech- 
nique. The combined CO 2 content Avas obtained by subtracting from the total 
CO 2 content the amount of CO 2 dissolved at the PCO 2 to Avhich the muscle AA'as 
subjected. This assumes a CO 2 absorption coefficient in muscle of 0.41, after 
IrAung, Foster, and Ferguson (13). Muscle PCO 2 Avas estimated as arterial 
(ah'^eolar) PCO 2 plus 6 mm. Hg (A-V difference), on the doubtful assumptions 
that the A~Y PCO 2 difference is a constant in spite of different circulation rates, 
and that muscle PCO 2 is the same as A^enous PCO 2 . 


















692 


FLORENCE J. HERBER 


DISCUSSION 

Our experimental data concerning the acid-base balance of the blood, as ex- 
pressed by the Henderson-Hasselbalch equation, pH = pKi -}- 

log (HiCOs) 

have been plotted as a solid line on the logarithmic triaxial graph (fig. 2) intro- 
duced by Shock and Hastings (14). The inner hexagon represents the normal 
acid-base range of dog blood determined by Grodins el al. The pathways of 
CO 2 excess represent averages of in vitro CO 2 absorption curves of oxygenated 
and reduced true plasma (Shock and Hastings, 15; taken from the data of Hen- 
derson, 16). These pathways, as well as the fixed acid excess path, are in accord- 
ance with in vivo experimental observations of Shock and Hastings (15). 

Our data are plotted from alveolar PCO 2 , measured directly, and plasma 
(BHCO3), calculated from w'hole blood (BHCO3) by the Van Slyke and Sendroy 
(17) nomogram. This nomogram makes use of mean hematocrit values for 
each time interval. The mean figure for the last (10 min.) point is an average 
of only two hematocrit values, separated by 8.9 percent. Nomogram calcula- 
tions maldng use of the individual hematocrits, 46.0 and 54.9 percent, give values 
of 52.6 and 54.4 vol. percent (BHCO3), respectively. 

It will be noted that the pH values so determined agree, within 0.05 pH unit 
with experimental pH values corrected to 37°C., (wdth the exception of the mean 
figure for the nine-minute interval). A depression of the respiratory center, due 
to anesthesia alone, must account for the relatively acid pH and high pCO: of 
the ‘normal’ sample. 

The acid-base displacement curve of our dogs agrees very closely with that 
of Grodins el al, who asphyxiated dogs by completely obstructing the trachea, 
and whose results are shown approximatelj'^ as a dashed line on figure 2. 

Our data, wdth those of Grodins et al, can best be described as representing 
an initial respiratory acidosis, associated wdth decreasing pH, increasing 
(BHCO3), and increasing PCO2. Superimposed on the respiratory acidosis 
tow'ard the end of asphyxia is a slight uncompensated metabolic acidosis, charac- 
terized by a decreasing pH, decreasing (BHCO3), and increasing pCOc- The 
source of metabolic acidosis in these experiments appears to be an accumulation 
of lactic acid and other fixed acids from the anaerobic glycolysis taking place 
in the absence of o.xygen, and displacing CO2 from the blood. The accumulation 
of lactic acid in the blood is shown by the direct measurements of lactic acid 
content indicated in table 1. 

Approximately 2 percent of the 28.2 percent rise in hematocrit can be ac- 
counted for by the shifting of water from plasma to cells, accompanying the acid- 
base changes of the blood during the experiment (16). The remaining 26.2 
percent is explained by two possible mechanisms, neither of w'hich was actually 
observed in these experiments, but both of which are Icnowm to occur in asph 3 uaa: 
1) discharge of red blood cells from the spleen into the circulation in response 
to lowered oxygen tension and 2) leakage of fluid and whole plasma into tissues, 
and a consequent hemoconcentration associated with shock. Thompson and 
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Birnbaum (2) have found regular evidence of shock in dogs subjected to obstruc- 
tive asphyxia. Grodins et al. report an increase in hemoglobin content of 24.6 
percent during obstructive asphyxia in dogs. 

Inspection of table 3 reveals that the CO 2 content of the muscles is no higher 
at the end of asphyxia than at the beginning, as would be the case if these muscles 
stored the CO 2 displaced from the blood; rather, the mean death sample CO 2 
content is 3.8 vol. percent lower than the control, despite increasing CO 2 tensions 
in the muscles. Each figure for muscle CO 2 content in table 3 is an average of 
four CO 2 analyses; two of tibialis anterior and two of peroneus longus. By com- 
parison of our muscle CO 2 data with the CO 2 dissociation curve and muscle buf- 
fering power data found for dog muscle by Irving, Foster, and Ferguson, we 
have estimated the amount of fixed acid necessary to account for the decrease in 
muscle CO 2 content, despite increased muscle pC02, as asphyxia progressed. For 
this purpose it has been assumed, as previously, that muscle pC 02 equals arterial 
(alveolar) pC02 plus 6 mm. Hg. Muscle pH is calculated from the Henderson- 


TABLE 3. Summary of dog muscle experiments 


EXPERIMENT NUMBER 

COMBINED COi 
IN MUSCLE 

ASTESIAL pCOl 
PLUS 6 nun. 

Hg 

snjscLE pH 

ESTIMATED 
LACTIC ACm 
CONTENT OF 
MUSCLE AT 
DEATH 

LACTIC ACID 
CONTENT OF 
arterial 
BLOOD AT 
DEATH 


Vol% 

mm. He 


tnEqlL. 

mEq/L. 

8 Control 

30.9 

48.5 

7.17 



Death 

25.7 

95.9 

6.79 

9.65 

3.40 

9 Control 

32.5 

56.6 

7.12 



Death ; 

29.2 

116.0 

6.80 

8.68 

5.24 

10 Control 

33.2 

51.0 

7.18 



Death 

29.6 1 

105.4 j 

6.85 j 

9.05 

2.71 . 


Hasselbalch equation, the pKi value being 6.1. Recent evidence of Conway and 
Fearon (18) for carbamino-bound CO 2 in muscle would make these pH values 
considerably lower, though the relative changes would be the same. 

The estimated muscle lactic acid content at death (table 3, column 5) varies 
from 8.68 to 9.65 mEq./liter. Simultaneous lactic acid contents of the blood 
(table 3, column 6) range from 2.71 to 5.24 mEq./liter, or approximately one- 
third to three-fifths the muscle lactic acid values. This is e\adence that arterial 
lactic acid, at the time the circulation ceases, has not come into equilibrium -nuth 
muscle lactic acid, Avhich is formed by anaerobic glycolysis, and diffuses outward 
into the circulation. These figures furnish a measure of the degree of metabolic 
acidosis existing in the tissues at the time of death from asph 3 ^a. 

At the time of respiratory failure from asphyxia in man, if the CO 2 concentra- 
tion in the alveolar air is as liigh as it averaged in the dogs reported here — 11 to 
13 percent CO 2 narcosis would be an important factor in respiratory failure. 
Blood CO 2 content would be so high that the respiratory center would presumably 
be depressed; vasodilatation and a fall in blood pressure would ensue (19). 
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It is therefore questionable, whether, under such circumstances, administration 
of carbogen would have the beneficial effect desired. Rather, it would seem that 
the additional CO2 would serve to narcotize the respiratoiy center to an even 
greater degree. Until the CO2 tension of the blood was reduced below the nar- 
cotic level, no beneficial effect could be derived from the added CO2. Before 
the ‘safe’ level of CO2 was attained in the blood, the critical period between cessa- 
tion of respiration and heart change (about 30 seconds) would possibly have 
passed; efforts at resuscitation are of no avail a few seconds after the heart has 
stopped. 


SUMMARY 

1 . Ten healthy anesthetized dogs were asphy.viated by rebreathing limited 
amounts of room air. A continuous pulmonary ventilation record was made, 
and electrocardiographic records, arterial blood, and alveolar air samples were 
taken simultaneously at one- or two-minute intervals during asphyxiation. 
Analysis of arterial CO2, oxygen, and lactic acid content, pH, and hematocrit 
percentages were made. Alveolar samples were analyzed for CO2 content. 
Control and death samples of muscle were analyzed for CO2. 

2 . The acid-base balance of the blood responded to asphyxia with a respira- 
tory acidosis, and a late metabolic acidosis superimposed. Direct measurements 
indicated that incoming lactic acid is the cause of CO2 displacement from the 
blood during metabolic acidosis. 

3 . Muscle CO2 content of dogs is slightly lower at the time of death from as- 

phyxia than it is normally. This decrease in CO2 content is a measure of the 
diffusion gradient of lactic acid from tissues to blood and of the degree of metab- 
olic acidosis in the tissues during asphyxia. • . 

4 . The initial use of carbogen in resuscitating men subjected to any form of 
obstructive asphyxia is questioned. 

The writer is deeply indebted to Professor Wallace O. Fenn and Dr. Arthur B. Otis for 
their counsel and constant encouragement throughout this research. 
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Analyses of arterial blood from 14 normal children have been carried out to 
determine the percentage oxygen saturation while breathing air and the amount 
of dissolved oxygen in the blood during the inhalation of 100 per cent oxygen. 
Tins investigation was undertaken to provide normal data necessary for the 
interpretation of studies on children vdth congenital heart disease. In addition 
the results of the study appear to indicate that the disparity between observed 
and theoretical values for arterial oxygen saturation has not yet been adequately 
explained. 


METHODS 

Selection of subjects. The children were ambulatory hospital patients vdthout 
any evidence of cardiac or pulmonarj’’ disease. There were 8 boys and 6 girls, 
whose ages ranged between 7 and 14 j'^ears. Studies were carried out on five 
subjects prior to elective plastic or ocular surgerj’-; on one, three days following 
an eye muscle operation, and on four others between the seventh and ninth days 
foUoudng appendectomies. One patient had been admitted wth diabetes melli- 
tus, one vdth congenital syphilis, one vdth possible chorea, and one with possible 
encephalitis; all were ready for discharge from the hospital when blood was taken 
for this study. 

Technique of arterial puncture. The femoral arteiy was employed in all cases. 
The arterial site was determined by palpation, which was facilitated by holding 
the elected thigh in a position of slight external rotation while the subject was 
supine. This area, approximately one inch distal to the inguinal ligament, was 
infiltrated -with 2 to 3 cc. of 2 per cent procaine without epinephrine. The punc- 
ture was made by using an ordinary lumbar puncture needle provided with a 
blunted stylet: a ^ 19 gauge needle, 2| inches in length, was suitable for the 
older children, whereas a ^20 gauge needle, about inches in length, was 
preferable for the younger ones. The needle was attached to a 2 cc., all-glass 
sjTinge which had been lubricated previously vdth paraffin oil and moistened 
with sufficient 10 per cent potassium oxalate solution to fill the dead space, in 
the manner described in another communication (1). It was inserted at a 45- 
degree angle tlwough the anesthetized skin in the line of pulsation; as soon as 

^ This investigation was aided by a grant from the Fluid Research Fund of the 1 ide 
University School of hledicine. 

- The data reported in this paper are from a thesis to be presented by this author in par 
tial fulfillment of the requirements for the degree of Doctor of Medicine. 
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the needle entered the artery the plunger of the syringe began to move backwards. 
Approximatelj’’ 2 cc. of blood were ^vithdra^vn and then the syringe was discon- 
nected from the needle and replaced by the stylet. Immediately follomng the 
removal of each blood sample the syringe was placed in an ice and water bath 
until the time of analysis (1). After the final blood sample had been collected 
and the needle removed from the arteiy, a dry sponge was held firmly against the 
site of puncture for several minutes to prevent the formation of a hematoma. • 

Experwieiital conditions. All of the selected patients were cooperative and 
were in a resting state before and during the collection of the blood samples. 

1. Subject breathing air. About 10 minutes after the child assumed the 
recumbent position the arterial puncture Avas made and the first 2 cc. blood sam- 
ple was withdraAATi. 

2. Subject breathing oxygen. lAriiile the obturated needle wasrin the artery, 
the child' breathed 100 per cent oxygen from a snugly fitting, soft rubber mask^ 
which was held over the mouth and nose. The gas was delivered from a cylinder 
at a rate sufficiently rapid to keep the reservoir bag distended throughout the 
respiratory cycle, thus precluding any leak of air into the system. An inspira- 
tory valve interposed between the reservoir bag and mask and an ei^iratory 
valve situated on the dome of the mask operated with negligible resistance and 
virtually eliminated rebreathing. O.xygen was supplied for a period of three 
minutes, which was considered sufficient time for the elimination of most of the 
nitrogen from the lungs (2, 3, 4). It has been shoAvn that after 35 to 40 breaths 
of normal respiratory volume the alveolar nitrogen is reduced to 2 per cent (3), 
and that the nitrogen content of the arterial blood is at a constant low level 
within 2^ minutes (4). The subject continued to breathe oxygen until the 
second blood sample had been collected. 

Analytical procedure. A modified Roughton-Scholander technique of gaso- 
metric analysis (1, 5), using 0.04 cc. of blood, was employed in the determination 
of the oxygen content and capacity of each sample. Duplicate analyses Avere 
run simultaneously by tAvo technicians; obserA'^ed values Avhich checked within 
0.2 vol. per cent before reduction to standard conditions AA'^ere considered satis- 
factory. The determination of oxygen content AA’^as begun as soon as possible 
on the second sample; there Avas usually an inteiwal of 15 to 20 minutes betAveen 
draAving and analyzing the blood. The first sample, collected Avhile the subject 
Avas breathing air, AA’’as then analyzed for oxygen content. About tAA’’o hours 
after the blood had been draAAm, a 0.5 cc. aliquot Avas transferred to a 15 cc. 
bottle and equilibrated Avith air for 30 minutes on a mechanical rotator (1), and 
then the oxygen capacity Avas immediately determined.'' 

Calculations. Values for oxygen content and capacity AA’^ere expressed in 

’ Adult Oro-Nasal Meter Mask (Type #720), used Avithout the meter attachment. It is 
distributed by the O.xygen Equipment Manufacturing Company, 405 East 62nd Street, 
New York, New York. 

' In ciises 1 and 2 of tables 1 and 2 the blood samples were saturated with o.xj'gen before 
the equilibration with air, which was accomplished by hand rotation. It is possible that 
equilibrium between blood and air w.as not reached in these two cases. 
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volumes per 100 cc. of blood under standard conditions of temperature and 
barometric pressure. From the observed total oxygen capacity the amount of 
oxygen carried in physical solution (d„)r) was subtracted (1). The values for 
total oxygen content and corrected oxygen capacity were increased by 2 per cent 
to correct for the dilution of the blood sample by the oxalate solution used to 
fill the dead space of the syringe when the blood was drawn (1). Percentage 
oxygen saturation was calculated only on the blood drawn while the subject was 
breathing air, according to the equation, 


O 2 saturation (%) = 100 X 


Total O 2 content — dissolved O 2 
Corrected O 2 capacity 


in which the value for dissolved oxygen in the numerator was taken from a table 
published elsewhere (1). 

Dissolved oxygen (d) is defined as the amount of oxygen in cubic centimeters 
per 100 ml. of whole blood carried in physical solution in the circulating arterial 
blood, dnit and do, representing dissolved oxj'^gen during the inhalation of air 
and 100 per cent oxygen, respectively. The quantity of dissolved oxygen ob- 
served during the inhalation of 100 per cent oxygen, dojoba. is equal, by defini- 
tion, to the total oxygen content minus the corrected oxygen capacity. 


Example: Case 14 (see table 2) 

Total O 2 content = 19.38 vol. per cent 
Corrected O 2 capacity = 18.69 vol. per cent 
dOiobs. = 0.69 vol. per cent 

The amount of dissolved oxygen that would theoretically be present in a sample 
of blood equilibrated with oxygen at a tension equal to that in the alveolar air 
of a person breathing 100 per cent oxygen, is designated do,caic. and is calculated 
as follows: 


1. The Bunsen solubility coefficient of oxygen at 38°, a 38 '>, is determined for a blood 
sample of any corrected oxygen capacity according to the following empirical equa- 
tion of Sendroy, Dillon, and Van Slyke (6): 

ass” = 0.0209 -f 0.000108 (corrected oxygen capacity in vol. %) 

2. The value of ass" thus determined is substituted in the formula, 

100 (B - 87) aj8“ 


dOacatc. — 


760 


in which dojcalc. 's dissolved oxygon in volumes per cent, and the expression, B — S7, 
represents the observed barometric pressure corrected for the tensions of CO 2 (40 
mm. Hg) and water vapor (47 mm. Hg) assumed to be present in alveolar air. The 
small amount of residual nitrogen in the alveoli has been ignored. 


Values for dojoSs. and dojcaic. were determined for each patient. The difference 
between them in volumes per cent, do^caic. — do.obs. appears as A in table 2. 

The data on blood samples withdrawm during the inhalation of air appear in 
table 1, and table 2 summarizes the observations made on samples removed while 
the subjects were breathing oxygen. Values for total ox;y’'gen content do not 
appear in table 2; they are equal to the sums of corresponding values for dojobs. 
and corrected oxygen capacity. 
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RESULTS 

The average arterial oxj^gen saturation of the 14 normal children while breath- 
ing air at rest was 93.1 per cent, with a range of 91.5 per cent to 95.3 per cent (see 


TABLE 1. ARTERIAL OXYGEN STUDIES IN NORMAL CHILDREN WHILE BREATHING AIR 


CASE 

TOTAL 

Os CONTENT 

CORRECTED 
O2 CAPACITY 

O2 

SATURATION 

CASE 

TOTAL 

O2 CONTENT 

CORRECTED 
Oj CAPACITY 

0: 

SATURATION 


val. % 

fol. % 

% 


ro!. % 

vol. % 

% 

1 

19.84 

20. 9i 

93.8 

9 

18.0: 


92.6 

2 

15.66 

16. 85 

91.7 

10 

16.4, 


93.0 

3 

15.06 

17.18 

91.7 

11 

15.6b 

16.6: 

92.8 

4 

17 .4r 

IS.Ss 

93.8 

12 

15.80 

16.3: 

95.3 

5 

14.54 

15.44 

92.7 

13 

14.60 

15.74 

91.5 

6 


15.85 

16.88 

93.6 

93.8 

14 

17.57 

18.49 

93.8 

7 





s 

14.48 

15.43 

92.5 

Average 

16.23 

17.19 

93.1 


TABLE 2. Dissolved oxygen in the blood of normal children during the 
INHALATION OF 100 PER CENT OXYGEN 


CASE 

CORRECTED 

O 2 CAPAaTY 

^0: 

60j obs. 

60j calc. 

A 


vol. % 

vol. % 

vol. % 

vol. % 

1 

20. 0i 

1.03 

2.06 

1.0: 

2 

16. 5i 

0.95 

1.9? 

1.0: 

3 

16. 9i 

l.Os 

2.O1 

O.Gs 

4 

16.37 

. 1.09 

2.O0 

0.9i 

51 

( 12 . 75 ) 

(0.99) 

( 1 . 97 ) 

(0.08) 

6 

16. Os 

l.L 

1.09 

O.Ss 

7 

16.9i 

l.Oo 

2 .O 1 

l.Oi 

8 

15. lo 

1.06 

1.98 

0.3: 

9 

19.36 

0.89 

2 . 0 : 

I.I 3 

10 

17.0: 

1.45 

2 . 0 : 

0.56 

11 

16. 7o 

l.Oo 

2 . 0 : 

I.O- 

12 

16. 2i 

1.34 

2 .O 0 

0.06 

13 

15.64 

0.9: 

1.08 

l.Oe 

14 

18. 69 

0.69 

2 . 0 i 

1.3: 

Average 

17.04 

1.09 

2.00 

0.91 

Standard deviation 

±0.26 


±0.26 


facrLrf l,v nw'?" the total oxygen content usually 

increased by about 2 yol. per cent, and m all cases the apparent oxyaen satura 

content during the inhalation of oxygen-, there ivas, however, a decrease of ap- 
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proximately 2 voi. per cent in the oxj'gen capacity of the second blood sample, 
so that the oxygen saturation was complete. 

The average value for the observed amount of dissolved oxygen in the blood- 
during the inhalation of pure oxygen was 1.09 vol. per cent (see table 2). The 
result of the determination of do.obs. in case 8 seems disproportionately high, 
though the analyses appeared satisfactoiy; if this case were omitted the average 
dojobs. would equal 1.05 vol. per cent. 

The theoretical value for the quantity of dissolved oxj’^gen was in each case 
higher than actually observed. This discrepancy, indicated by A, averaged 
0.91 vol. per cent. 


DISCUSSION 

The average figure for oxygen saturation, 93.1 per cent, is 0.8 to 2.9 per cent 
lower than other reported averages (7-12). One of the earlier investigations 
(7), in which a colorimetric method was employed, was carried out on 28 normal 
children; an average value of 94.7 per cent was reported with a range of 91 to 98 
per cent. In the other studies, carried out on adults, standard gasometric 
procedures were used, but it is not always clear from the reports that corrections 
were made for dissolved oxj’^gen. In the present studj’’ an average figure of 0.22 
vol. per cent for dissolved oxj’-gen was subtracted from the total oxj’^gen content; 
had this correction not been made our average satuiation would have been 
calculated as 94.4 per cent. All of the children were ambulatory, and many 
were given deep breathing exercises before the arterial sampling procedure was 
begun. Any reduction in percentage saturation brought about by deficient 
pulmonary ventilation and atelectasis induced by bed rest (3, 9) was thus avoided. 

Our average arterial saturation of 93.1 per cent is 5.5 per cent lower than the 
average value of 98.6 per cent determined spectrophotometricallj’’ by Drabkin 
and Schmidt (13) on freshly dranm, oxalated, hemolyzed, human arterial blood 
taken while the subjects were breathing air. Our average difference of 0.91 vol. 
per cent between do-obs. and do.caic. indicates that during the inhalation of oxy- 
gen, the observed oxygen content Avas likewise lower than its predicted value, 
by an average 5.3 per cent. The discrepancy between empirical and theoretical 
values for arterial ox 5 ’’gen saturation has been attributed by Roughton, Darling, 
and Root (11) to factors inherent in the gasometric determination of oxygen 
capacity. The tivo factors of impoi’tance are differential drainage of cells and 
plasma from the saturating vessel and spontaneous reversion of a fraction of the 
hemoglobin from a form which is inactive in vivo but becomes capable of com- 
bining vdth oxygen after being withdraiAm from the bod 5 L In the present study 
drainage factoi’s were held to a minimum in the determination of oxygen capac- 
ity, leaving the reversion of inactive hemoglobin as a plausible explanation for 
the discrepancies in our figures. However, actual measurements in other 
laboratories of the carbon monoxide-combining power of blood immediately 
after its removal from the bod 3 '- and again an hour or two later indicate an 
average spontaneous increase in carbon monoxide capacity of onlj’’ 0.4 (14) to 
1.1 (11) per cent. 
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The answer to the problem of discrepancies between observed and theoretical 
contents of oxygen in the circulating arterial blood may be resolved by a study 
in which determinations of arterial oxygen saturation by both gasometric and 
spectrophotometric methods are carried out on the same specimens of blood. 
The studies of arterial oxygen tension carried out by Comroe and Dripps on 
patients breathing air (15) and by Berggren on individuals breathing 100 per 
cent oxygen (3) leave little doubt that arterial blood is normally in equilibrium 
with alveolar air. The hypothesis of Houghton, Darling, and Root (11), that 
deviation of gasometric results from the theoretical must be attributed to changes 
in stored blood, is thus supported by good indirect evidence. However, their 
explanations for these changes reconcile the entire discrepancy neither in the 
present study nor in those investigations in which higher average values for 
arterial oxygen saturation are reported. Apparently the manipulations attend- 
ant to saturating blood with oxygen or carbon monoxide bring about an increase 
in the gas-combining capacity of the blood. 

It is apparent from table 2 that over the small range of oxygen capacities ob- 
served in this study — 15-20 vol. per cent — ^there is no demonstrable correla- 
tion between oxygen capacity and do.ohs. Theoretical variations in do, with 
oxygen capacity would, however, be too small to be detected by the analj'tical 
techniques we have employed, as is evident from the values for dojcaic. in table 2. 

The results of these experiments find practical application in the diagnosis of 
congenital heart disease. Knowledge of the average amount of oxygen carried 
in physical solution in the pulmonary venous blood during the inhalation of 
oxygen has made it possible to estimate quantitatively the extent of impair- 
ment of pulmonary diffusion of oxygen as well as the shunting of venous blood 
into the systemic circulation, in patients vdth arterial anoxemia (16). 

It must of course be borne in mind that the values here reported are defined 
in terms of the anatytical techniques employed. 


SUMIMABY' 

A technique of femoral artery puncture has been described. Arterial blood 
samples were obtained from 14 normal children and the results of oxygen analyses 
by a modified Roughton-Scholander technique have been z’eported. 

The average arterial oxygen saturation under conditions of rest and the 
breathing of room air was foimd to be 93.1 per cent, noth a range of 91.5 to 
95.3 per cent. 

The average amount of oxygen in physical solution in the arterial blood during 
the inhalation of 100 per cent oxygen was found to be 1.09 vol. per cent, or 55 
per cent of the amount theoretically expected. The difference betwem the 
theoretical and observed values is of the same order of magnitude as the dis- 
crepancy between the theoretical and obseiwed values for arterial oxj'-gen satura- 
tion during the inhalation of air. The possible mechanisms that produce these 
discrepancies have been discussed. 


We wish to express our deep appreciation and sincere 
her technical assistance .and cooperation in this project. 
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P ROOF for the existence of a hormonal mechanism for gastric secretion has, 
until now, been lacking. Strong but nevertheless inconclusive evidence 
for the existence of such a hormone has long been available, but evidence 
that can be considered crucial has not been adduced. 

The status of the problem up to the time of the present studies has been clearly 
and extensively reviewed (1-4). In broad outline it can be summarized as follows. 

A humoral mechanism for gastric secretion has been proven to exist (s) by the demonstration 
that the feeding of a meal produces a secretory response in a subcutaneously transplanted (and thus 
extrinsically denervated) gastric pouch. This has raised the question of whether the stimulation of 
t e transplanted portion of the stomach by food in the main stomach is due to absorption of certain 
Constituents of the food into the blood stream or to the formation of a hormone by the gastric mucosa 
under the influence of contact with stimulating chemicals in food. 

further analysis of the humoral mechanism has involved the study of the site of origin of 
St ^ t ugent and the nature of this agent. As regards the site of origin, it has been demon- 

t nt a humoral agent can arise from both the stomach and the intestine (4). In the present 
u les ue are concerned only with the humoral agent arising in the stomach, 
chem' '1'^ stimuli acting in the stomach are effective in evoking gastric secretion ; namely, 

mechanical (distention) stimuli. That the chemical stimuli can be humorally 
determ' ^ known. In the only previous study in which an attempt was made to 

whether the distention stimulus is humorally transmitted, the results indicated that it was 
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not (4). Therefore all previous considerations of the nature of the humoral agent have dealt only 
with the chemical stimuli and have been primarily concerned with the question of whether the 
humoral agent is absorbed secretagogues or is a hormone the release of which from the gastric mucosa 
into the blood stream is caused by the secretagogue. 

Inasmuch as no secretagogue is known which will stimulate gastric secretion when placed in the 
stomach but will not stimulate when injected intravenously, the possibility must be entertained that 
absorbed secretagogues are the humoral agent. However, it has been well established (5) that 
secretagogues are stronger secretory stimulants for a transplanted gastric pouch when perfused 
through the main stomach than when introduced intravenously. This evidence favors the view that 
not all of the stimulatory action of secretagogues on such a transplanted preparation is due to their 
absorption into the blood stream and suggests that the secretagogue may also cause the release of a 
hormone. The other possible explanation of these facts is that the gastric juice acts upon the 
secretagogue in some way to increase its stimulatory action when it is absorbed. The fact that Rim 
and Ivy (6) found no augmentation of stimulation by incubation of secretagogue (liver extract) with 
gastric juice speaks against this latter possibility. 

Distcnlion Simulusfor Gastric Secretion 

The question of whether distention of the stomach stimulates a secretory response was con- 
sidered controversial until Lim, Ivy and McCarthy' (7) unequivocably demonstrated the existence of 
such a mechanism. The literature up to 1925 on this subject has been comprehensively reviewed by 
these authors and we shall only' refer here to those studies which have a bearing upon the mechanism 
of the distention stimulus. The distention stimulus has been shown to occur in the stomach com- 
pletely deprived of extrinsic nervous connections and even in some instances in the subcutaneously 
transplanted stomach (8, 9). It has also been shomi that distention of the pyloric portion of the 
stomach will induce secretion of acid in the fundic glands of a pouch even after the extrinsic nerves to 
this pouch have been severed (7). The interpretation placed upon this observation has varied. 
Lim, Ivy and McCarthy favored the view that a vasomotor effect transmitted the distention stimulus 
between these two portions of the stomach unconnected by nerves, whereas Chang and Lim (10) con- 
sidered it to indicate a hormonal mechanism. However since the classical work of Ivy and Farrell 
(8), it has generally been recognized that in order to prove that any par^cular mechanism of gastric 
secretion is humorally transmitted it is necessary to demonstrate that mechanism by the use of the 
subcutaneously auto transplan ted pouch. Unless the transplantation technique, is used the possi- 
bility of participation of extrinsic nerves cannot be eliminated with certainty regardless of the thor- 
oughness with which the denervation is done. 

One attempt to determine whether distention of the main stomach would evoke secretion in the 
transplanted fundic pouch has been made by Gregory and Ivy (4). These workers observed no 
secretory response under the conditions of their experiments. Inasmuch as it had been clearly shown 
by a number of workers (n, 10, 7) that the distention stimulus could be transmitted between two 
separated portions of the stomach, these negative results tended to indicate that tliis transmission 
depended upon nervous pathways which had not been completely severed in the earlier e.xperiments 
but which were unquestionably interrupted in the transplantation operation. 

In experiments of this type a positive result is crucial whereas a negative result 
might be due to technical difi&culties. Because several possible sources of such tech- 
nical imperfections were recognized in the studies of Gregory and Ivy, the present 
work was undertaken to reinvestigate the problem. 

METHODS 

Several different kinds of animal preparation were used in this study. These 
will be described individually. 

Guoxtp I. Subcutaneously transplanted fwulic pouch with vagally denervolsd pouch 
of the remainder of the stomach. This is essentially the same preparation used by 
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Gregory and Ivy (4) with the exception that in the animals used in the present 
a much larger portion of the fundic portion of the stomach was transplanted. 

In two animals {no. i and 2) lire operative procedure was the same as that used 
bv Gregory and Ixy. At the first operation the fundic pouch was placed under the 
s 4 i and its vascular pedicle was permitted to remain intact. From one ^h^d to one 
half of the fundic portion of the stomach was used for makmg the pouch, so that tlmse 
pouches were from two to three times the size of those used by Gregory and Ivy. The 
second operation, performed four to eight weeks after the first operation, consisted 



Fig. I. Sketch oe operative procedure used in preparing a ‘two-pouch dog’ with a trans- 
planted fundic pouch and a pouch of the remainder of the stomach. I. Normal stomach showing 
line of incision and point of ligation of greater curvature vessels. II. First-stage operation; a) rem- 
nant of stomach showing lines of incision to be used in the second-stage operation; b) subcutaneously 
transplanted fundic pouch. Ill, Second-stage operation; a) esophagoduodenostomy, b) pouch of 
remainder of stomach; c) transplanted fundic pouch rvith vascular pedicle ligated. 


of ligation and transection of the pedicle to the subcutaneous pouch and formation 
of a pouch from the remainder of the stomach. The latter was accomplished by 
transection at the pyJoro-duodenal junction and at the esophago-gastric junction fol- 
lowed by esophago-duodenal anastomosis to restore intestinal continuity. The 
fundic end of the stomach was closed and the pyloric end was brought out through a 
stab wound to serine as a stoma. Figure i is a sketch of the steps in the operative 
procedure. 

. In one animal (no. j) the operative procedure was reversed in that a pouch of the 
entire stomach ivas made at the first operation. At the second operation the stomach 



4 


GROSSMAN, ROBERTSON AND IVY 


Volume 155 


was transected at the level of the incisura angularis and the entire fundic portion was 
placed in a subcutaneous pocket, allowing the vascular pedicles to remain. SLx weeks 
later a third celiotomy was performed at which the vascular pedicles were ligated and 
transected. In this animal almost the entire acid-secreting portion of the stomach 
was incorporated in the transplanted pouch. 

In still another animal {no. 4) after performing the first stage as in animals no. i 
and 2, at the second operation the stomach was transected at the level of the incisura 



Fig. 2. Sketch of operative procedure used in preparing a dog with a transplanted pylonc 
pouch and a gastric fistula. TV. Normal stomach showing lines of incision for first-stage operation. 
V. First-stage operation: o) main stomach with gastroduodenostomy; b) subcutaneously transplante 
pyloric pouch. VI. Second-stage operation: a) main stomach with Mann-Bollman type fistula, ) 
transplanted pyloric pouch with vascular pedicle ligated and transected. 

angularis and at the pyloric sphincter. The lower portion of the stomach was 
fashioned into a pouch and the upper end was anastomosed to the duodenum. ^ 
this animal the intra-abdominal pouch was formed almost entirely by the py otic 
portion of the stomach. Some acid-secreting glands were, however, included 

Group ii. Snbciitmieously iransplanled pyloric pouch and gastric fistula.^ wo 
dogs {no. 5 and ( 5 ) of this type were prepared. The first stage operation consiste 0 
transection of the -stomach at the level of the incisura angularis and again ^ ^ 
pyloric sphincter. The vessels along the greater curvature were not divided and t ^ 
served as the sole vascular supply to this pyloric pouch which was placed in a su 
cutaneous pocket in the same manner as the fundic pouches described above. ^ 
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second operation, 3 to 6 weeks later, this vascular pedicle was transected between 
ligatures and a fistula of the Mann-Bollman type (12) was made into the lower ventral 
surface of the main stomach utilizing a small segment of jejunum as the fistula path. 
This operation is sketched in figure 2. 

Basal secretion. All animals were fasted for at least 1 2 hours before each experi- 
ment. In each experiment the basal secretion was collected, measured and titrated 
for from one to six hours before distention was performed. This permitted a com- 
parison to be made in order to determine whether the rises in acid output during 
spontaneous fluctuations in the basal secretion were ever as great as those occurring 
in response to distention. 

Method of distending. Condom balloons tied to the ends of pieces of rubber 
tubing were used to distend the pouches. The size of the balloon was adjusted to the 
size of the pouch. Similarly, the amount of air introduced into the balloon varied 
with the various types of pouches. In the animals with subtotal gastric pouches 
(dogs I and 2) approximately 200 cc. of air was used ; in the dogs with intra-abdominal 
pyloric pouches {dogs j and 4), about 50 to 100 cc.; and in the animals with sub- 
cutaneously transplanted pyloric pouches {dogs 5 and 6), 10 to 20 cc. In each 
instance the amount of air used induced strong contractions. In most instances the 
distention period was 30 minutes. Usually the balloon was held in the pouch by 
hand and a glass hypodermic syringe was kept attached to the rubber tube leading to 
the balloon. The plunger of the syringe was held in by hand with moderate resistance 
so that during the height of the contraction wave the plunger was displaced. 

Urecholine. In the experiments in which urecholine- (carbamyl beta-methyl 
choline) was used, 1.5 mgm. of the drug was injected intramuscularly in an oil and 
beeswax vehicle containing 10 mgm. of the drug per cc. 

• RESULTS 

Basal secretion. All of the animals at times secreted some free HCl during the 
basal period. This occurred both in the gastric fistula dogs {no. 5, 6) as well as in the 
animals with transplanted fundic pouches {no. 1-4). However, in all animals free 
acid was more often absent from than present in the specimens collected during the 
basal period. The data on the basal secretion are included in the tabular summaries 
(tables I and 2). 

Secretion of acid iy the pouch which was being distended. In dogs i and 2 the main 
stomach pouch was distended and the secretion was collected from the fundic trans- 
plant. Secretion of acid gastric juice by the distended main stomach pouch regularly 
occurred but no effort was made to collect and measure this juice. Likewise in ani- 
mals 5 and 4 in which the intra-abdominal pyloric pouch was the one distended, on 
the few occasions on which tests were made the secretion from die distended pouch 
was shown to contain free HCl. These pouches thus obviously contained some acid- 
secreting mucosa in addition to the entire pyloric portion of the stomach. The 
pyloric pouches of dogs 5 and 6 were fashioned from the same portion of the stomach 
as those of dogs 5 and 4 but were subcutaneously transplanted. "No acid secretion 
from the se subcutaneously transplanted pyloric pouches was ever observed even 


» The urecholine was kindly supplied by Dr. D. F. Robertson of Merck and Co. 
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though it is probable that the line of transection was high enough to have included 
some acid-secreting cells. The only secretion ever observed from these transplanted 
pyloric pouches was a few drops of mucoid fluid. 

Secretion by the fundi c glands in response to distention of the pyloric portion of the 
stomach. In all of these experiments either the portion from wlrich the secretion was 


Table i 


i 

DOC 1 

ALL TESTS 

POSITIVE TESTS 

No. of 4 - 
tests J 

No. of - 
tests 

Highest pre-distension basal 
secretion 

Response to distension 

Range 

1 Average 

Range 

Average 


1 


mgm. BCl per hr. 

mgm. BCl per hr. 

I 

iS 

4 

0 - 3-2 

I.S 

2.4-16.8 

II . 7 

2 ! 

4 ’ 

3 

0-1.2 

I . 2 

3.I-14.2 

8.9 

3 * 


4 

0^ 

0 

14.6-42.6 

32-2 

4 

4 i 

3 

0-16.4 

9-9 

4.0-32.6 

22.4 

5 

7 j 

9 

0 - 13-5 

0.9 

1.0-40.0 

10.8 

6 1 

I ! 

1 

7 

-r- 

0 

i 

j 6.6 

Totals and average 

37 

30 

i 

2-3 


15-4 


* This animal secreted free acid during the basal period during the course of several tests with 
negative response. 


Table 2 


DOG 

BEFORE DRECHOLINE 

AFTER URECHOLINE 

No. of 
Trials 

Positive Responses 

No. of 
Trials 

Positive Responses 

No. 

Highest Basal 

Response 

No. 

Highest Basal 

Response 

Avg. 

Range 

Avg. 

Range 

Avg. 

Range 

Avg. 

Range 




rngm. HCl per hour 




SCI per hour 


3 

5 

I 

— 

0 

— 

42.6 

8 

8 

0- 8.2 

2.1 

6 . 0 - 147-2 

42.9 

4 

7 

4 

0-9.1 

5-0 

4.0-32.6 

21.4 

10 

9 

0-16.0 

9.2 

12.6-156-8 

74.2 

5 

8 

6 

0-6.3 

1.2 

I .0-40.0 

6,2 

10 

10 

O-.‘^ 2,0 

14-3 

15.2-212.0 

09.0 

6 

7 

I 


0 

— 

6.6 

TO 


0 

0 

2.0-186.8 

41. 0 

Total 

27 

12 





38 

36 







collected {Group I, dogs 1-4) or the portion being stimulated by distention {Group 11 , 
dogs 5, 6) was subcutaneously transplanted. 

Frequeficy of positive resp07ise. The response to distention was considered to be 
positive if the secretion of free HCl during the half-hour period of distention or the 
immediately ensuing half-hour period was higher than any of the basal half-hour 
periods for that day. On this basis positive responses occurred in 29 of 43 trials in 
the dogs in Group I and in 8 out of 24 trials in the dogs in Group II. Table i summa 
rizes the results of these experiments and figure 3 is a graphic record of one su 
experiment in dog i. 
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Latency and duration of responses. Frequently a drop of Topfer’s soluHon was 
added to the collection flask during the period of distention in experiments in which 
there was no free hydrochloric acid during the basal period. In this way the time of 
onset of free acid secretion could be noted. There was considerable variation in the 
latent period between the beginning of distention of the pyloric portion and the 
appearance of free hydrochloric acid in the juice from the fundic glands. The 
shortest latent period noted was about lo minutes. However, a few times no free 
hydrochloric acid appeared during the half-hour distention period and the response to 
distention occurred only in the half-hour period following the cessation of distention. 

The rate of secretion usually had returned to the basal level by the second half 
hour after cessation of distention. Occasionally the response lasted only during the 



Fig. 3. Graphic record of an experiment in a dog with a transplanted fundic pouch and a 
pouch of the remainder of the stomach showing acid secretory response of transplanted pouch to a 
distention stimulus applied to the main stomach pouch. 

Fig. 4. Graphic record of the results of an experiment in a dog nith a transplanted pyloric 
pouch and a fistula of the main stomach. The response of the main stomach to distention of the 
transplanted pyloric pouch was very small before injection of urecholine. Urecholine alone did not 
stimulate gastric secretion, but it greatly potentiated the secretory response to subsequent distention 
of the pj'loric pouch. 

period of distention whereas on a few occasions the response appeared to persist for 
as long as one hour after the cessation of distention. 

Urecholine. Because in some dogs the frequency with which positive responses 
occurred was quite low, some method of potentiating the response was sougjit. The 
work of Gray and Ivy with mecholyl (13) had suggested that parasympathomimetic 
drugs potentiate the response to stimuli such as histamine. Our more recent studies 
(14) have confirmed this finding and have shown that the distention stimulus is also 
potentiated by these drugs. 

A series of experiinents was therefore performed in which urecholine was used. 
Dogs 3, 4, s and 6 were used. A control distention without urecholine was first per- 
formed. One-half hour after this first distention, when the response to it, if any, had 
mbsided, 1.5 or 3.0 mgm. of urecholine in oil and wax was injected intramuscularly. 
One hour after the urecholine injection a second distention was performed. In a few 
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of the experiments the preliminary distention before urecholine injection was not 
carried out. The results are summarized in table 2. 

It will be noted that the response to urecholine alone varied from zero to a rather 
high value. However, even when a secretorj’’ response did not occur in response to 
the urecholine alone the response to distention was enlianced by the urecholine. This 
is illustrated b}^ the graphic record of an experiment in dog 6 (fig. 4). 

Positive responses occurred in 12 out of 27 experiments in which distention was 
performed before urecholine was administered, whereas 36 out of 38 trials were 
positive after the drug. 


DISCUSSION 

When Gregory and (4) performed e.\periments essentially similar to our 
experiments on dogs of Group I, they failed to observ'e a secretory response in the 
transplanted fundic pouch when the main stomacli pouch was distended. In several 
such ‘two-pouch dogs’ other than those which were used in the present studies we too 
were unable to elicit such a response. A number of factors may have contributed to 
the failure of these earlier experiments. As already indicated we believe that the 
most important of these factors is the responsiveness of the transplanted pouch 
preparation, and this has been enhanced chiefly by making the transplanted pouches 
larger. 

All of the transplanted fundic pouches used in the present study secreted free 
hydrochloric acid at times during the basal period. This did not occur in Gregory 
and Ivy’s animals nor has it been obser\^ed in other transplanted fundic pouches 
previously studied in our laboratories. Furthermore, the responses of the trans- 
planted pouches used in the present studies is definitely greater than that which has 
been observed in previous studies. 

Another factor which must be taken into consideration is the amount of disten- 
tion used as a stimulus. If the pouch which is being distended has intact sympathetic 
innervation, excessive distention may lead to retching and vomiting and we (is) 
shown that retching inhibits histamine stimulated gastric secretion even in the trans- 
planted pouch of the fundic portion of the stomach. Chang and Lim (10) studying 
the effect of distention of the isolated pyloric pouch (sympatlietics intact) upon acid 
secretion by the fundic glands stated that “volumes of air larger than 20 cc. not in- 
frequently precipitated nausea and vomiting, and usually failed to excite secretion 
from the fundus.” The statement of Gregory and Iv}'- (4) is of interest in this regard, 
“even when excessive pressures are used (15-30 cm. H2O), causing signs of nausea in 
the animal (salivation, restlessness, retching), and are maintained for periods up to 2 
hours, no production of free acid from the transplant is detected, [italics theirs] despite 
the fact that the amount of free acid secreted meanwhile by the main pouch may be 
considerably in excess of that evoked by perfusion with liver extracts, which has been 
shown to cause a humoral response from the transplant.” In the present studies we 
have attempted to avoid the occurrence of nausea by using only moderate distention. 
In the dogs in Group II, the pyloric pouch was subcutaneously transplanted an 
nausea did not occur even with severe distention. 

The mechanical and chemical stimuli for gastric secretion had previously been 
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shown to be similar in a number of ways: a) both chemical and mechanical stimuli 
are more effective in stimulating acid secretion by the fundic glands when they act in 
the pyloric region than when they act in the fundic region, b) both are prevented from 
acting by the application of procaine to the part of the stomach being stimulated and 
c) the action of both is blocked by atropine. With the present studies the only appar- 
ent discrepancy in the mechanism of action of the two stimuli for the gastric phase of 
gastric secretion is resolved by demonstrating that the mechanical stimulus, like the 
chemical stimulus, releases a humoral agent. Inasmuch as the question of absorption 
of the stimulating agent does not arise in the consideration of the nature of the 
humoral agent for the distention stimulus, the conclusion that it is hormonal in nature 
would appear to be justified. 

The present studies give no new information about the nature of the hormonal 
agent. 


SUMMARY 

Distention of the pyloric portion of the stomach stimulates the secretion of 
hydrochloric acid by the fundic glands. This effect still occurs when all nervous 
connections between the stimulated portion of the stomach and the portion respond- 
ing with secretion have been interrupted. This interruption can be accomplished by 
subcutaneous transplantation of either the part of the stomach which is to be stimu- 
lated, namely the pyloric portion, or the part which responds to the stimulus, the 
fundic portion. This demonstration of the humoral transmission of the distention 
stimulus is considered to constitute conclusive evidence for the existence of a hormone 
for gastric secretion. 
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EFFECT OF HYPOXIA UPON TEMPERATURE REGULATION 
OF MICE, DOGS, AND MAN^ 

F. J. KOTTKE, J. S. PHALEN, C. B. TAYLOR, M. B. \TSSCHER and 

G. T. EVANS 

From the Department oj Physiology and the Hospital Laboratories, University of Minnesota 

MINNEAPOUtS, MINNESOTA 

I N SETTING up controls for study (12) of the role of the adrenal cortex on resist- 
ance of mice to hypoxia, it became apparent that temperature effects at times 
dominated the picture. The further study of these effects is here recorded. 


METHODS 

Mice. Mice were exposed in individual compartments of decompression cham- 
bers at temperatures constant to ±o.25°C. and pressures controlled to dr 2 mm. Hg. 
Body temperatures were measured by copper-constanlan thermocouples in the rec- 
tum. Mice, fasted 4-6 hours, were placed in the decompression chambers for 30 
minutes to allow temperature equilibrium and then the pressure was reduced gradu- 
ally, critical levels being reached in from 90-120 minutes. Death, as determined by 
the last respiration, was the endpoint, and the atmospheric pressure or equivalent 
altitude (3) at which this occurred was considered to be the hjqioxic ceiling for the 
animal in question. 

Dogs. Dogs breathed low-oxygen gas mixtures flowing through a mask at a 
rate which prevented significant rebreathing. Rectal and brain temperatures were 
recorded using copper-constantan thermocouples. The brain thermocouple was 
inserted into the parietal area, several days before the hypoxic test and the leads 
brought out through the skin. At the time of the test, the leads were soldered to the 
potentiometer. 

Humans. Human subjects were exposed to hypoxia by breathing gas mixtures 
while sitting in a cool room. A standard uniform of light underwear, socks, mitts 
and hood covered all parts of the body except the face. Temperatures were recorded 
from the rectum by thermocouple and from the skin of the forehead, arm, thigh, calf, 
ankle and three points on the trunk by thermocouple and/or radiation pyrometer. 
Subjects breathed through a face mask connected to an 87-liter closed system by a 
valved circuit. Carbon dioxide was absorbed with soda lime. Respiratory air flow, 
respiratory rate and oxygen consumption were recorded. Oxygen could be added 
to the system at controlled rates to maintain or change the content as desired. 


RESULTS 

Mice. As determined on 54 mice, h)q)oxia (250 mm’. Hg pressure or less) causes 
mice to become almost completely poikilothermic; between 4° and 24 C. rectal 
temperatures of mice exposed to h3q)oxia as described were on the average less than 
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Fig. I. Effect of ENvmoNiiENTAi, temperatujie on the survival of mice during progressive 
lowering of atmospheric pressure. The small circles indicate the hypoxic ceiling of individual mice. 
The large circles indicate the hypoxic ceilings of lo mice d}’ing with identical ceilings. The triangles 
show the mean for each temperature group, 

variable body temperatures which were 8'’-r5'^C. higher than the environment. 
Voluntary muscular activity and shivering seen at normal oxj’-gen tension were not 
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seen in the hypoxic mice although they occasionally carried out coordinated purpose- 
ful movements. 

The effect of environmental temperature on the resistance to acute hypoxia was 
studied on 824 mice over the temperature range from i5°C. to 37°C. (fig. i). At an 
environmental temperature of 34° mice maintain a body temperature of approxi- 
mately 37°C. At this temperature the range of lethal ceiling for mice exposed to 
acute hypoxia was 25,000-36,000 feet (280-170 mm. Hg) with a mean ceiling at 
30,000 feet. Decreasing the chamber temperature from 34°C. to 2o°C. increased the 



from the mean. 


hypoxic ceiling to 43,000-54,000 feet (120-70 mm. Hg). As the temperature decrease 
below iS°C., the resistance to h3rpoxia decreased. 

Dogs. In five experiments in which dogs were exposed to hypoxia at environ- 
mental temperatures of i2°-2S°C., the body temperature regularly declined as the 
oxygen content of the inspired air fell below 10 per cent until at 6 per cent the average 
fall was i.34°C. for rectal and i.33°C. for brain temperatures; the falls were not less 
than i.o°C. and they occurred within 30 to 60 minutes after reaching 10 per cent 
oxygen. Controls breathing normal air showed at the end of three hours a fall m 
rectal temperature of less than o.25°C. Shivering which occurred in controls m 
normal, air was regularly inhibited in the h3^oxic group when the oxygen content 
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became less than 10 per cent but was established promptly and markedly on terminal 

° Rgure 2 shows the temperatures of healthy young men exposed as 

described to a room temperature of io°C. in normal air. The ’’^^4 

temperature was 0.2T. Oxygen consumption rose an average of 3S per cent atter 
the onset of shivering which in all cases began within 50 minutes of ex^posure.^ 

. . f^^mnprntiirft rbanffcs accompanying h5Tioxia in 



Fig. 3. Ebpect of EROGRESsrvE LOWERING OF OXYGEN CONTENT in the inspired air of man on 
oxygen consumption, and on rectal and skin temperatures. Room temperature i 9 °C. 


environmental temperatures of 11° to 22°C, Figures 3 and 4 represent the protocols 
of two experiments which are representative of four of five experiments. In all four 
shivering was inhibited during h3^oxia and the oxygen consumption rose not at all 
or to a distinctly lesser degree than in controls (av. 1 2 per cent) ; in addition there was 
evidence of increased heat loss as exhibited by skin temperatures increased above 
controls. The result was a striking drop in rectal temperature (av. i.o4°C.). On 
readmission of normal air, violent shivering began, oxygen consumption rose, skin 
temperatures fell and rectal temperature rose. In a fifth experiment, shivering was 
not inhibited and although skin temperatures rose there was no fall of rectal tem- 
perature. 
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DISCUSSION 

In three species, hypoxia is seen to be accompanied by loss of temperature con- 
trol. Inhibition of shivering or of voluntary activity appears to be an important 
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Fig. 4. Effect of progressive lowering of oxygen content in the inspired air of man on 
oxygen consumption and on rectal and skin temperatures. ■ The spread in pulse pressure was ac- 
companied by the appearance of a capillary pulse. Room temperature ii°C. 

effect. It should be noted however that in one of the human experiments and in one 
of the dog experiments, the fall in temperature during h3Tpoxia occurred at environ- 
mental temperatures above those which induced any noticeable shivering under 
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control conditions. Peripheral vasodilatation also plays a role ; not only did the skin 
temperatures of hypoxic man stay above those of controls, but peripheral pulses and 
increased pulse pressures were noted. In independent unpublished experiments, 
increased peripheral flow to the lower leg was demonstrated in man during hypoxia 
by direct plethysmography. 

There have been numerous reports of loss of homeothermy in laboratory animals 
during exposure to hypoxia (i, 2, 4-10, 13, 14, 15)* The striking protection against 
death at altitude which is afforded by drop in the body temperature of mice would 
seem to be due to the decreased oxygen demand at lower body temperatures and has 
a parallel in the increased altitude tolerance of thyroidectomized animals (16). In 
man, however, a decrease in body temperature is associated with decreased mental 
ability (ii) and would, therefore, not be desirable in situations where he must think 
and act. 


SUMMARY 

Hypoxia decreases the ability of mice, dogs and men to control body temperature 
during exposure to cold. The loss of temperature control and fall in body tempera- 
ture is most marked in the mouse and least marked in man. H3>poxia inhibits shiv- 
ering in all three species studied. In man exposed to cold the suppression of an 
increased oxygen consumption by the hypoxia was demonstrated. In addition to 
this effect of h}T>oxia on heat generation it was also shown for man that hypoxia 
results in a greater dissipation of heat from the skin in a cold environment. De- 
creased environmental and body temperature favored survival of mice exposed to 
progressive h 3 T 50 xia; between 37°C. and 2o°C., the survival ceiling increased approxi- 
mately rooo feet per i°C. drop in temperature. 


REFERENCES 


1. Behagoe, P., N. Gaesaux and Richet. Comp. Rend. Soc. de Biol. 96 (i): 766, 1927. 

2. Beet, P. La Pression Barometrique. Paris, G. Masson, 1887. 

3. BrOmbacher, W. G. National Advisory Committee for Aeronautics, Report No. 838, 1935. 

4. Campbell, J. A. Quart. J. Exper. Med. 29 : 259, 1939. 

5. Chevillard, L. and A. Mayer. Ann. de Physiol, et de Physicochemie Biol. 11 : 225, 1935. 

6. Gellhorn, E. This Journal 120 : 190, 1937. 

7. Gellhorn, E. and A. James. This Journal 116 : 327, 1936. 

8. GiAJA, j. and S. Gelines. Comp. Rend, de I’Academie des sciences, Paris 202(2); 1613, 1936. 

9. Hamon, F., S. Kolodny and A. Mayer. Ann. de Physiol, et de Physicochemie Biol. 11 : 211 

193s. ’ 


10. Herrington, L. P. Temperature, Its Measurement and Control in Science and Industry 
(American Institute of Physics). New York, Reinhold Publishing Co., 1941. Pp. 446-452. 
IX. Kleitman, N., S. Titelbaum and P. Ferveson. This Journal 121 : 495, 1938. 

12. Kottke, F. j., C. B. Taylor, W. G. Kubicek, D. M. Erickson and G. T. Evans This 
Journal 163 : 16, 1948. 

13. Legallois, M. Deuxieme Memoir sur la chaleur animale. Paris, 1S13. 

14. M/VRGaria, R. Soc. Ital. di Biol. Sperim. Boll. 2: 746, 1927. 

’ J- ^ Temperature, Its Measurement 

and Control in Science and Industry (American Institute of Physics). New York, Reinhold 
Pubhshing Co., 1941. pp. 453-461. 

16. Streuli, H. Biochem. Ztschr. 87 ; 359, 1918. 



ADRENAL CORTEX AND ALTITUDE TOLERANCE^ 


F. J. KOTTKE, C. B. TAYLOR, W. G. KUBICEK, D. M. ERICKSON and 

G. T. EVANS 

From the Department of Physiology and the Hospital Laboratories, University of Minnesota 

MINNEAPOLIS, MINNESOTA 

T he possible importance of the adrenal cortex in the bodily responses to 
hypoxia has been inferred from a variety of observations (i, 4, 5, 6, 7, 8, ii, 
12, 15, 16). The present work undertaken in connection with problems in 
war-time aviation records the effects of adrenal cortical compounds on the resist- 
ance of normal animals to acute hypoxia. 

METHODS 

Mice. Albino mice weighing 17-22 grams were exposed to h3T3oxia in low- 
pressure chambers as described previously (10). Unless otherwise specified, the mice 
were fasted four to six hours prior to exposure to hypoxia. 

The decompression chambers in the majority of the experiments were maintained 
at approximately 34° C. which permits mice to maintain body temperatures com- 
parable to that of man. The pressure levels are also referred to in terms of equivalent 
altitude (2). 

Dogs. Medium-sized dogs were exposed in a well ventilated chamber to pro- 
gressively increasing hypoxia, approximately equal to an ascent of 1000 feet per 
minute to critical levels and then progressively more slowly to physiological ceiling, 
which was reached in about two hours. The dogs had previously been satisfactorily 
conditioned to respond to light or sound stimuli by moving across a low barrier from 
one end of the decompression chamber to the other. The auditory stimulus was a 
tone of 4096 cycles per second continuously variable from o to 95 decibels, and the 
visual stimulus was a variation of light intensity within the chamber from 47 to 16 
footcandles in stages. At atmospheric pressure a sound stimulus of 55 decibels or a 
change of light intensity of seven per cent consistently initiated the desired response. 
Motor response of the dogs was evaluated in two ways: i) slowness of response and 
2) motor incoordination estimated in three grades. Vdien the animals were prostrate 
in the hypoxic test, attempts to rise were interpreted as response to sound or light 
stimuli. 

. RESULTS 

Tests of the effects of adrenal cortical compounds on resistance to acute hypoxia 
were made on 1038 mice. The principal results are shown in table i. 

Received for publication July 10, 1947. . . , 
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Kendall’s aqueous adrenal cortical extract in mice (i cc, = 75 grains of gland) 
in doses of 0.25 cc. or more was clearly effective (experiments 7-8) in raising ceiling 
in all instances. Attention is drawn to the quite adequate numbers of animals used. 
This contrasts with the negative results obtained in experiments using other cortical 

Table i. Effect of injected materials on ability of mice to survive in 


ACUTE HYPOXIC TEST 


Treatment 

Time of 
Injection 1 

No. Mice 

Chamber 

Lctlial Ceiling 

P' 

hrs. before 
test 

Temp. 

Control 

Treated 





°.C 

mm. 

Sg 


I. Wilson adrenal corti- 
cal extract (aqueous, 
75 gm. gland/cc.) 0.5- 
i.o cc. 

4 

r28 

22 

113 ±2.3 

107 ±2.3 

.072 

2. Wilson A.C,E. (same) 
o.5~i.o cc. 

I 

56 

35 

224 ±4.5 

231 ±5.2 

• 317 

3. Wilson A.C.E. 0.25- 
i.o cc. 

I 

96 

34 

213 ±2.3 

220 ±2.1 

•OS 

1 

1 

4. Wilson A.C.E. 2.0 cc. 

I 

24 

34 

233 ±3.0 

224 ±4.0 

• 174 

5. Upjohn A.C.E. (aque- 
ous 40 gm. gland/cc.) 
0.5-1.0 cc. 

°-s 

32 

22 

] 

1 

115 ± 3-7 

121 ±4.0 1 

.368 

6. Upjohn A.C.E. (al- | 
cohol removed by vac- 
uum distillation) 0.5- 
i.o cc. 

3 

i 

56 

25 

139 ±2.9 

1 

140 ±3.1 

.990 

7, Kendall’s A.C.E. 

(aqueous 75 gm/cc.) 
0.25 cc. 

0.5 

1 

214 

34 

223 ±r.8 

209 ±r. 7 

< .001 

8. Kendall’s A.C.E. 

(aqueous) 0. 5-1.0 cc. 

4 

32 

35 

239 ±4.9 

225 ±2.0 

.008 

9. Kendall’s A.C.E. 
(aqueous) o.i cc. 

0.5 

32 

34 

225 ± 4 - 5 - 

218 ±4.5 

.230 

10. Kendall’s A.C.E. (oily 
150 gm/cc.) o.5~i.occ. 

4 

32 

34 

214 ±4.0 

214 ±2.6 

I .0 

II. B.O.C.A. in oil, o.oi 
mgm. 

6 

32 

25 

142 ±4.0 

142 ± 3-5 

I.O 

12. 5 per cent glucose, i.o 
cc. intraperitoneally 

I 

32 

34 

227 ±1.8 

217 ±2.3 

< .001 

13. Kendall’s A.C.E., 0.25 
cc. -f I cc. 5% glucose 
intraperitoneally 

I 

64 

34 

227 ±2.7 

213 ± 3-1 

< .001 


^ Probability that the variation from the control is due to chance in random sampling. 


material including Kendall’s extract in oil (i cc. ==150 grams of gland). In further 
e.x-aminations of the positive results with Kendall’s aqueous extract, it was found by 
the use of rectal thermocouples that the temperature of injected mice was i.s°C. 
higher during hypoxic test than that of controls. The blood glucose level also was 
1 1 mgm. per cent higher than in controls and in separate experiments injected glucose 
(e.xperiment 12), resulting in a mean increase of the blood sugar level of 70 mgm. per 



1 8 KOTTKE, TAYLOR, KUBICEK, ERICKSON AND EVANS Volume 153 

cent, gave an improved tolerance approaching that produced by Kendall’s extract. 
Mice injected with glucose and Kendall’s extract did not show a greater resistance to 
hypoxia than those injected only with Kendall’s extract (experiment 13), 

The possibility of the positive results being due to epinephrine was considered. 
In eight experiments involving 240 animals, it was found that epinephrine alone or in 
combination with cortical extracts did not increase hypoxic resistance, and when the 
dose was 2.0 micrograms or more per animal the resistance was lowered. 

Adrenal size. Studies of the adrenal weights of 57 normal mice showed no rela- 
tion to their resistance to acute hypoxia. Thirty-one mice exposed to an air pressure 
of 250 mm. Hg for 25 days showed adrenal weights increased to 20.2 ± 0.8 mgm/ioo 
grams body weight as compared to 1 2.8 Az 0.6 mgm. for controls, without however ex- 
hibiting altered resistance to hypoxia. In view of the adrenal atrophy reported fol- 
lowing injections of natural or synthetic adrenal cortical materials (9, 13), mice were 
so treated for as long as 13 days with daily doses of either 5 mgm. D.O.C.A. per 



Fig. I. Effect of adrenal cortical extract (i cc. = 150 gm. adrenal gland) on mo or 
performance and on auditory and visual discrimination in conditioned dogs during exposure 

acute hypoxia (see METHODS in text). controls, dogs injected subcutane 

ously with 50-125 cc. of adrenal cortical extract one to four hours prior to exposure. 

TOO grams body weight or aqueous extract representing adrenal glands in excess of the 
animals weight. Such treatment had no effect on resistance to acute hypoxia. 

Dogs. The results are shown in figure i. The responses of the animals were 
satisfactorily uniform in repeated tests. It will be seen that adrenal cortical mate- 
rials were without effect on motor performance or on visual or auditory discrimi- 
nation. 


DISCUSSION 

The positive results with Kendall’s extract agree with those reported by Thorn, 
Clinton, Davis, and Lewis (16) who found that it increased the resistance of rats to 
acute hypoxia although neither desoxycorticosterone acetate nor Compound E had 
this protective effect. They used a different type of exposure, but the magnitude of 
effect was approximately the same as reported in this paper. The only other report 
(8) of improved altitude tolerance with cortical material carries with it the objection 
that a charcoal absorbate was administered orally, and charcoal alone has been shown 
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(3) to give protection at altitude. It should be pointed out that Kendall’s extract 
did not produce super-animals in respect to altitude tolerance, in that its effect was 
to move the average tolerance up toward the maximum, but not to raise the ceilings 
of individual animals above that which was observed in a small fraction of uninjected 
controls. Since the rectal temperature of the animals injected with Kendall’s ex- 
tract was approximately i.5°C. higher than that of uninjected controls and since 
altitude tolerance decreases by 1500 feet as rectal temperature increases this amount 
(10), it is possible that the effect is somewhat greater than that represented by a 1500- 
foot elevation of ceiling. 

The experiments with dogs had the advantage over those with the mice in that, 
in place of the crude criterion of death, tests of higher function were used. The 
doses of Kendall’s extract were large (equivalent to 99b grams whole adrenal/kgm. 
body weight) and on a body-weight basis slightly in excess of the effective dose of 
Kendall’s extract for mice. This dose exceeds the total daily adrenal cortical secre- 
tion of the normal dog as estimated by Vogt (17). 

The central nervous system, which is of first importance for survival at low oxy- 
gen tension and which burns carbohydrate almost exclusively, tolerates poorly drops 
in oxygen or glucose supply. It is interesting, therefore, that lowered body tempera- 
ture (10) and thyroid deficiency (14), both of which reduce the demands of the tissues 
for oxygen, have both been seen to be accompanied by improved resistance to hy- 
poxia. Equally interesting is the possibility that the beneficial effect of Kendall’s 
extract is due to its gluconeogenetic potency. Against this possibility is the non- 
effectiveness of Compound E of Kendall as observed by Thorn, Clinton, Davis and 
Lewis (16). 


STJMMARY 


The effect of injected adrenal cortical compounds on the resistance of normal 
mice to acute hypoxia was studied. Two commercial aqueous adrenal cortical ex- 
tracts and also desoxycorticosterone acetate injected subcutaneously in large doses 
were without beneficial effect. An aqueous extract prepared by Kendall when in- 
jected in doses greater than 0.25 cc. per mouse increased the mean hypoxic ceiling 
1500 feet above that of uninjected normal mice; glucose injected intraperitoneally 
increased the resistance to hypoxia nearly as much as Kendall’s extract. Pretreat- 
ments of mice calculated to induce hyper- and hypo-function of the adrenal cortex 
were without effect on altitude tolerance as judged in subsequent acute tests, and no 
correlation was found between hypoxic resistance and induced or spontaneous varia- 
tions in adrenal size. Large doses of Kendall’s extract were without effect on the 
deterioration of coordination, vision and hearing of dogs exposed to acute hypoxia. 
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ANTIHORMONE PROPERTIES OF UREA-DENATURED 
SHEEP GONADOTROPIN 

FRITZ BISCHOFF 

From the Chemical Laboratory, Santa Barbara Cottage Hospital Research JnsHkite 

SANTA BARBARA, CABIPORNIA 

B y measuring the rates of inactivation, it has been demonstrated that the 
denaturation of chorionic gonadotropin, either by heat in aqueous solution 
^ or by 40 per cent aqueous urea solution, results in a series of reaction products 
possessing biologic activity (i). At 99° C. in aqueous solution, the rate of destruction 
of the original hormone is immeasurably fast. However, the reaction product, 
which retains 5 per cent of tlie original biologic activity, loses only half of its activity 
when similarly heated for 30 minutes. As reported in this paper, comparable results 
with urea denaturation have been obtained with the sheep pituitary gonadotropin. 
It was postulated (2) that the biologic activity of the protein hormones is dependent, 
not so much upon structure in the sense of the atomic linkage tlieory, but upon the 
spacing of active adsorption points due to secondary valence effects. A derangement 
of spacing occurs in denaturation and in any chemical reaction which changes the 
adsorption foci directly or indirectly by the weakening of hydrogen bonds. 

The question, therefore, arose as to whether a denatured hormone which retained biologic ac- 
tivity as measured by some arbitrary physiologic response would retain the same degree of activity 
when measured by some other physiologic response. In the experiments recorded in this paper, 
the sheep pituitary gonadotropin, which has been denatured by urea to retain 8 per cent of its original 
gonadotropic activity, has been assayed by two other widely different responses, viz., the antagonism 
and the antihormone phenomena. The problem seeks to answer whether the multiple effects mani- 
fested by the gonadotropins are dependent upon multiple hormones (the dual hormone theory) , or 
whether multiple effects may be attributed to spatial arrangements of active points in a single pro- 
tein hormone molecule. Chorionic gonadotropin, which exhibits nonspecific augmentation under 
certain conditions(3, 4), and mare serum gonadotropin, which is both follicle and interstitial cell- 
stimulating, have both been purified to a degree indicating that the properties are incorporated in 
a homogeneous protein (s, 6). By fractionation of the sheep gonadotropin, however, a homogeneous 
protein has been isolated which is claimed to be solely interstitial cell-stimulating (7) ; another fraction 
which is follicle-stimulating has not been obtained in pure form. In our experience this fraction is 
also interstitial cell-stimulating and manifests the antagonism and nonspecific augmentation phenom- 
ena (8). As Cole (9) has pointed out, evidence has not been observed for the actual secretion by the 
pituitary of interstitial cell-stimulating hormone devoid of the other properties. From the observa- 
tions cited in the foregoing discussion, thepossibiUty arises that the so-called interstitial-cell-stimulat- 
ing hormone may be nothing other than a denaturation variant of the intact sheep pituitary gonado- 
tropin, a precursor or a dissociation fragment. In the present study the unfractionated sheep pitui- 
tary extract is used to obviate criticism of original denaturation or fragmentation by dissociation. 
Its properties have been described (10). 

Received for publication March 24, 1948. 
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EXPERIMENTAL 


Gonadotropic ejjecl. The assay curve for the gonadotropin measured by increase 
in ovarian weight in tlie immature rat under conditions assuring maximum response 
is given in an earlier paper (lo). Survival of less than 25 per cent of the original 
activity does not produce a significant increase in ovarian weight. In this range, 
uterine weight increase lends itself to a veiy sensitive assay curve. The gonadotropin 
subjected to 6 hours’ treatment in 40 per cent urea concentration at 37.5° C. retained 
7 rt 1.5 per cent of it? original activity (10). In the present experiments, the time 
of reaction was extended to 8 hours in two experiments and to 24 hours in a third. 
At 8 hours i.o mgm. denatured hormone produced a 56 d= 10 mgm. uterine weight, 
compared with a 27 ± i.o mgm. uterine weight for .05 mgm. of intact hormone, giv- 
ing a recovery of 7 ± 1.5 per cent. In a duplicate e.xperiment the uterine weight for 
1.0 mgm. denatured hormone was 71 zb 13 mgm., compared with 92 zb 9 mgm. for 
o.io mgm. of intact hormone, giving a recovery of 8 dz 1.5 per cent. These experi- 
ments show that after six hours’ treatment, an additional two hours in 40 per cent 
urea solution produces no further measurable destruction of gonadotropic activity. 
In the first two hours of treatment tlie hormone loses 70 per cent of its gonadotropic 
activity (10). Data for 24 hours’ treatment by the antagonist assay procedure 
showed a recovery of 5 zb 1.0 per cent. 

Antagonism phenomenon. 1.0 mgm. of the pituitary hormone when injected 
subcutaneously with 0.5 mgm. Cu at pH 8.0 produces a 100 mgm. increase in ovarian 
weight in the immature rat. In groups of eight rats the standard deviation of the 
mean is very nearly 10 mgm. In the assay procedure, 1.0 mgm. of hormone is con- 
tained in one cc. volume and is administered 0.25 cc. per day for four days. Autopsy 
is performed 96 hours after initial dosage. Figure i illustrates the effect of the simul- 
taneous administration of the same hormone, in isotonic saline solution and without 
copper, when given intraperitoneally. The total dose (o.i, 0.2, 0.5 or r.o mgm.) was 
contained in one cc. volume and was given 0.25 cc. per day for four days immediately 
after the respective subcutaneous injections. It will be noted that the sensitive por- 
tion of the curve lies between o.i and 0.2 mgm. The data in the chart are the mean 
values for 8 to 10 rats, and in all cases a control witli litter mates was run simultane- 
ously for one mgm. hormone with 0.5 mgm. Cu given subcutaneously. The augmen- 
tation produced by the control was set at 100 per cent, since the experimental 
variation was close to one standard deviation of the mean. The assay curve given m 


figure I is a refinement of semiquantitative data previously reported (ii). 

Assay of the denatured hormone for antagonism. Three assays were performed, 
two for preparations subjected to 40 per cent urea solution for eight hours at 37.5 
and one for preparations subjected to 40 per cent urea solution for 24 hours at 37.5 
C. For the 8-hour samples, one mgm. showed an augmentation of 103 zb 13 per cent 
and two mgm. showed an augmentation of 35 zb 3 per cent. Taking three times the 


standard deviation of the mean as the limit of probability, the assay falls between 
the limits of 7 and 15 per cent, viz., ii zb 1.5 per cent. For the 24-hour sample, 
2 mgm. showed an augmentation of 82 zb 8 per cent. Taking three times the 


standard deviation of tlie mean as the limit of probability, the assay falls between 


three and eight per cent, viz., 5 db i per cent. 
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Anlihormonc ejject. Demonstration of the antihormone action in mice is given 
in the experiments summarized in table i. The mean weight of tlie ovary of the 
three montlis’ old Marsh-Buffalo mouse is 10 mgm. The subcutaneous administra- 
tion of 0.6 mgm. intact sheep gonadotropin in saline solution over a six-day period 
produces no increase in ovarian weight as shown in experiment Ai. The same amount 
of hormone given as a copper precipitate at pH 7.5 produces a 13 ragrn. increase in 
ovarian weight (see experiment Bi and experiment G). This phenomenon is well 
established and illustrates the effect of delayed resorption to produce a maximal 
response. In experiment A^^ the intact hormone in saline was administered to mice 
two months of age. At the age of tliree months, the intact hormone was readmin- 



Fig. I. Antagonism phenomenon; The influence of graded doses of hormone given intra- 
peritoneallj’’ in reducing the augmentation produced by one mgm. given subcutaneously wth copper 
to delay resorption. Immature rats are used as the test object. The vertical lines through the 
circles are the standard deviations of the mean. 

Fig. 2. Antihormone PHENOiiENON: the influence of graded doses of hormone given at the 
age of two months upon the gonadotropic effect of the same hormone given at the age of three months. 
Marsh-Buffalo mice are used as the test object. The black circles represent the response to graded 
doses of intact hormone as indicated by the abscissa axis. The open circles are the values obtained 
for 0.6 mgm. of denatured hormone. The vertical lines through the circles are the standard devia- 
tions of the mean. 


istered as the copper combination. No increase in ovarian weight occurred, the 
injection at two months exerting a complete antihormone action. A pronounced 
antihormone effect is also produced when the intact hormone is injected as the copper 
combination at the age of two months, and the dosage is repeated in tlie same manner 
one month later (see experiment B^. 

Expenments Cj, Co, A and Do are a repetition of experiments Ai, A 2, Bi and Do 
substitutmg urea-denatured hormone for intact hormone. In experiment Ci the 
denatured hormone administered in saline produces no increase in ovarian wei-ht 
In experiment A, the denatured hormone administered with copper produces“no 
ovarian weight increase, showing that the hormone has lost its gonadotropic effect 
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In experiments Co and Oo, the denatured hormone either with - or without copper 
is administered to mice two montlis of age. A month later the intact hormone 
is administered . with copper. In each case a pronounced antihormone effect is 
noted. 

In summar}', these experiments show that: a) an antihormone effect is produced 
whether the hormone is rapidly or slowly resorbed and b) urea denaturation, which 
completely abolished the gonadotropic effect, did not abolish tlie antihormone effect. 
A comparison of experiments / 1 2 and Co suggested that while most of the antihormone 


Table i. ANxmoRMOKE effect of sheep pituitary gonadotropin upon ovaries of mature 

MICE 


EXP. NO. 

TREATSIENT (SERIES, 1 DOSE PER DAY, 6 DAYS) 

OVARIAN 'VNT. IN MGM 

. DATE KILLED 


1 st dose series age Z months 

2 nd dose series age 3 months 


Ai 

0.6 mgm. intact hormone 

— 

9 ±0.9 (8) 

2 mo. 8 da. 

A. 

0.6 mgm. intact hormone 

0.6 mgm. intact hormone 
with 0.3 mgm. Cu 

10 dbi .2 (8) 

3 mo. 8 da. 

Bi 

0.6 mgm. intact hormone 
with 0.3 mgm. Cu 

— 

23 ±1.8 (6) 

2 mo. 8 da. 

B. ’ 

0.6 mgm. intact hormone 
0.3 mgm. Cu 

0.6 mgm. intact hormone 
with 0.3 mgm. Cu 

134=1.0(7) 

3 mo. 8 da. 

Cl 

0.6 mgm. denatured hor- 
mone 

— 

7 dbO.,2 (8) 

2 mo. 8 da. 

c. 

0.6 mgm. denatured hor- 
mone 

0.6 mgm. intact hormone 
with 0.3 mgm. Cu 

13 ±1-3 (8) 

3 mo. 8 da. 

Di 

0.6 mgm. denatured hor- 
monewitho.3 mgm. Cu 

— 

7 :to.6 (7) 

2, mo. 8 da. 

Do 

0.6 mgm. denatured hor- 
mone with 0.3 mgm. Cu. 

0.6 mgm. intact hormone 
with 0.3 mgm. Cu 

12 :fcl .2 (7) . 

3 mo. 8 da. 

G 

* 

0.6 mgm. intact hormone 
with 0.3 mgm. Cu 

23. s 4=2.4 (8) 

,3 mo. IS da. 


effect was retained on urea denaturation, some loss may have occurred. A dosage 
gradient response curx^e of the antihormone effect is given in figure 2. It was found 
for groups of mice, as it was for groups of rats, that the maximum ovarian response 
deviated by 10 per cent from group to group. This was to be expected as 10 per cent 
corresponds to one standard error. The assay curve given in figure 2 is, therefore, 
calculated on the percentage decrease of ovarian weight compared with that of control 
litter mates which received the gonadotropin only at three months. The experiment 
with the urea-denatured hormone was repeated in two series of experiments. The 
results showed that 73 ± 22, 55 db 12 and 60 ± 20 per cent anti hormone activity 
survived. The standard deviation of these figures are -s / in which di is the 
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standard deviation of tlie mean for the litter mates showing the maximum gonado- 
tropic effect and is the standard deviation of the mean for the Utter mates showing 
the antiliormone effect. In spite of the large standard errors, the three assays of the 
denatured hormone, compared with intact hormone run simultaneously, indicate the 
probability in each case of the antihormone activity being greater than 30 per cent 
in 43 of 44 trials. The smoothness of the reference curve and the agreement between 
the three unknown assays indicate that the means are influenced by a compensating 
factor. In view of the fact that the mice are adult and subject to variation in estrus 
cycle at dosage, variation in response due to this factor might be expected. Since 
the stage of the cycle would be subject to random sampling the effect would be com- 
pensating. 


BiscnssiON 

The results for the diverse assay procedures of the sheep gonadotropin denatured 
as a one per cent solution in 40 per cent urea concentration for eight hours at 37.5° C. 
are as follows: a) Ovarian hypertrophy: administered in amounts and under condi- 
tions which for the intact hormone produce 800 per cent ovarian hypertrophy in im- 
mature rats and 150 per cent ovarian hypertrophy in adult mice, the denatured hor- 
mone produced no ovarian hypertrophy; b) Uterine hypertrophy: bioassayed in 
immature rats, the denatured hormone retained 8 rt 1.5 per cent of the original ac- 
tivity; c) Antagonism phenomenon: bioassayed by the inhibition which an intra- 
peritoneal injection of hormone exerts to the gonadotropic effect (800 per cent ovarian 
weight increase in immature rats) of the simultaneous administration of hormone by 
the subcutaneous route, the denatured hormone retained 11 ± 1.5 per cent of the 
original activity; d) Antiliormone phenomenon: bioassayed by the inhibition which a 
series of injections of hormone administered at two months of age (in Marsh-Buffalo 
mice) exerts to the gonadotropic effect of the same hormone administered a month 
later, the denatured hormone retained 63 ± 13 per cent of the original activity. 

These results show quite conclusively that the denatured hormone has lost ap- 
proximately 90 per cent of its gonadotropic and antagonism effects, but retained 
approximately 60 per cent of its antihormone effect. These results are now con- 
sidered in light of tire dual hormone theory. According to Fevold (12), the inter- 
stitial cell-stimulating hormone is as active when given intraperitoneally as when 
given subcutaneously. Since our assay for antagonist uses the intraperitoneal route 
and since we have shown that a highly purified follicle-stimulating extract shows the 
antagonism phenomenon (8), our results in terms of the dual hormone concept would 
indicate that the denatured hormone does not retain interstitial cell-stimulating 
properties at the expense of folUcle-stimulating properties. If the interstitial cell- 
stimulathig hormone had survived there should have been augmentation. The 
survival of tire antihormone effect could, therefore, not be explained on the basis of 
survival of interstitial cell-stimulating hormone. We are unaware of any experi- 
mental evidence tliat the interstitial cell-stimulating preparation has been shorvn to 
cause antihormone action toward the parent hormone. Our conditions of antihor- 
mone assay have been successfully applied to the mare serum gonadotropin (13) 
whicli, as before mentioned, retains its multiple properties as a homogeneous protein. 

le ex-planation of our results is that in denaturation the gonadotropic effect (and 
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antagonism phenomenon which is dependent on tlie gonadotropin powers) is largely- 
lost, but the ability to cause formation of an effective antihormone has been retained. 

It has been shown in tliis laboratorj”- that the antagonism phenomenon is due 
solely to the rapid liberation of hormone (ii), and that the rapid liberation is not con- 
ducive to gonadotropic stimulation. Apparently a sudden large onslaught of hor- 
mone is overpowering to the recipient cell, curtailing its ability to respond to stimula- 
tion. The present studies with the intact hormone add an important observ^ation, 
that while a plethora of hormone leads to antagonism, it does not materially influence 
the formation of antiliormone. This would indicate that when such a plethora 
exists destruction of hormone by the organism is not rapid enough to prevent anti- 
hormone formation. 

The present studies with the denatured hormone also add an important obser\'a- 
tion in regard to the antihormone phenomenon. Since the denatured hormone un- 
der the conditions of administration had no gonadotropic effect, the antihormone 
effect could not be attributed to a ‘burnt out’ ovary, that is, one that had been pre- 
viously stimulated to its maximum response. 

SmiMARY 

1. Unfractionated sheep pituitary gonadotropin, when subjected to aqueous 40 
per cent urea at 37.5° C., rapidly loses its gonadotropic properties so that at six 
hours’ treatment only eight per cent of tlie original activity survives. Further 
treatment in 40 per cent urea leads to a gradual loss of potency. 

2. Sheep pituitary gonadotropin e.xposed to aqueous 40 per cent urea for eight 
hours at 37.5® C. was subjected to three bioassay procedures, viz., the gonadotropic, 
antagonism and antihormone effects; 8 i 1.5 of the gonadotropic, n ± i -5 
antagonism and 63 db 13 per cent of the antiliormone effects were manifested by the 
denatured product. 

3. It is concluded that the multiple physiologic properties manifested by the 
sheep pituitary gonadotropic fraction are inherent in a single hormone, but that the 
specific properties are dependent upon the spacing of specific adsorption foci (second- 
ary valence effects), which may or may not be displaced in denaturation. In the 
example cited, the gonadotropic and antagonist properties which are dependent upon 
the same foci are largely displaced, but the arrangement required for antihormone 
formation is largely retained. 
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SOME FACTORS INVOLVED IN FOOD AND WATER 
INGESTION IN THE DOG 

J. W. ARCHDEACON and R. S. ALLEN 
From ihi Department of Physiology aitd Anatomy, University of Kentucky 

LEXINGTON, KENXUCKV 

T he physiological problems forming a background for this study are those of 
urges to ingest food and drink water. The following experiment afforded an 
opportunity to study several aspects of physiological adjustment of dogs to 
food and water intakes when a dog chow (Purina), varying in physical form and water 
content, was administered. The animals were fed the food in block (commercial) 
form and in pulverized form with and without additional water. The dry food 
ingested, water drunk and total water ingested were obtained under these different 
conditions. 

Kleitman (i), Bing and Mendel (2)> Gregersen (3) and Adolph (4) have reported 
on some factors involved in water drinking of animals. These studies referred mainly 
to daily variation in water drunk, relationship of water drunk to food ingested, time 
of drinking and correlation between body’s water deficit and water drunk. Recently 
Adolph (5) reported results of studies of urges to eat and drink in rats. 

METHODS 

Four adult female dogs were confined separately to metal cages so constructed 
that the animals could move about freely. Stationary racks at the sides of the cages 
supported vessels of drinking water and food. The dogs were acclimated to these 
cages for periods extending from two to eight months. The only solid food the ani- 
mals received throughout the entire experiment was dog chow. The water content 
was determined as 8 per cent (7.98%). 

The experiment was divided into three is-day periods corresponding to the 
nature of the food administered. These were as follows: a) the chow in its usual 
block form with 8 per cent water, V) the pulverized chow with water added so that the 
total water content was 54 per cent and c) the pulverized chow with 8 per cent water. 
The first period was actually a control period for each dog, but, in addition, dog 4 was 
maintained on the block form of the diet throughout all periods as an additional 
control. 

The dogs were fed once daily at a regular time during the first and second periods. 
The}^ were allowed to eat as much as they desired within a 30-minute interval. The 
procedure was A^aried during the third period when the animals were allowed access 
to the food over a 24-hour interval. This Avas done since only a very small quantity 
of the drier pulverized food was eaten within a 30-minute interval, and it was desired 
that the animals eat a greater quantity of this form of food. 

Recwed for publication February 16, 1948. 
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The quantity of water in the ingested food was calculated. Water of oxidation 
was ascertained from the known percentages of carbohydrate, protein and fat in the 
chow, assuming that these foodstuffs were complete^ utilized. It seems this as- 
sumption is reasonably warranted since there was no appreciable change in weights of 
the animals over the entire experiment. The volume of water drunk daily by each 
dog was measured. 


RESULTS AND DISCUSSION 

Temperature and humidity. The average room temperatures of the first and 
third 15-day periods were identical, 23.5°C., while that of the second period was 
i9.o°C. The humidity ranged from 37 to 50 during the entire experiment. . 

Dry food ingestion. The data for this and subsequent discussion are tabulated 
in average daily values in table i. The food intakes, calculated as dry food, of all 
dogs increased during the second and third periods. The increases were of a large 


Table i. Food and water intakes 



DAILY AVERAGES OF 3 15 - DAY PERIODS,* IK CRAUS 

1 

2 

3 

1 

2 

i 3 

1 

2 

3 

1 

1 

3 



Dog t 



DogZ 



Dog 3 


Dog 4, control^ 

Dry food ingested 

82.1 

122.4 

97.7 

90-3 

142.2; 

103.6 

91.7 

144.8 

122.3 

82.9 

1128.4 

|l 02.4 

Water in food ingested 

7 . II 

143-7' 

8 - 5 ' 

7-9 

166. 9I 

9.0 

8.0 

169.9 

10.6 

7.2 

II . 2 

8.9 

Calculated water of 













oxidation 

3 S -3 

52-7' 

42.0 

38.9 

61.2 

44.6 

39-5 

62. 3 

52.6 

35-7 

55-2 

44-0 

Water drunk 

194.7 

151.6 

228.0 

148.9 

202.9 

192.6 

247.8 

273.5 

313-2 

204.6 

'302.3 

300.3 

Total water ingested 

237-1 

348.0 

278.5 

195-7 

431.0 

I246.2 

295.3 

1505-7 

' 

376.4 

247.5 

368.7 

353-2 


^ Period i. Block chow containing 8% water; Period 2. Pulverized chow containing 54% 


water; Period 3. Pulverized chow containing 8% water. 

- Control dog received Block chow containing 8% water during all three periods. 

order, varying from 49 to 58 per cent in the second period and 19 to 33 per cent in the 
third. The magnitude of the increase in the second period was due probably to the 
lowered room temperature, since also the control dog ate more food proportionately 
during this interval. More dry food was ingested accompanying increased body 
metabolism. 

It is interesting that the dry food intakes of the three experimental anirnals 
during the third period were 19 to 33 per cent greater than those of the first period. 
In the first period the animals had 30 minutes’ access to the food, whereas in the third 
the interval of access was 24 hours. Questions may be raised as to why the drier 
pulverized food was not ingested as quickly as when the food was in the block form or 
contained more water. Does pulverization of the drier food make a greater demand 
on salivary secretion, and to what extent are rate and quantity of food ingestion de- 
pendent on salivation? If the drier pulverized food makes a greater demand on 
salivation and this is a factor in the rate of ingestion it would seem the dog meets this 
situation well if it has a sufficient interval of access to the food. 

Total water ingestion. The total water ingestion of all dogs (including control) 
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increased during the second and third periods as contrasted with the first. The ranp 
was from 46.8 to 120.2 per cent in the second period and from 17.5 to 42.7 per cent in 
the third. The greatest increase in total water ingestion occurred when the food 
contained a greater percentage of water. In general, increased ingestion of dry food 
was accompanied in both periods by increased total water consumption, but there 
was no correlation between the ratio of total water intake to dry food ingested. The 
data indicate there is a wide variation in the total amounts of water consumed by 
different dogs. Evidently there is no fixed relationship between total water drunk 
and dry food ingested, and the animal does not seem to limit itself rigidly to total 
water intake. 

ratio of water drunk to DRV FOOD DIGESTED 
I n PERIOD I BLOCK CHOW 8% WATER 


X//M period 2 pulverized chow 54% WATER 



006 I DOG a DOG 3 DOG 4 

(control) 

Fig. I. CostPAEisoN OF WATER DRUNK to dry food ingested in all periods 


W ater drunk. The ratio of water drunk to diy food ingested in the second period 
decreased markedly in two dogs, as shown in figure i. This suggests that the dog 
may meet part of its water requirements from water in the food rather than from 
water drunk when the food contains sufficient water. 

A striking feature of this phase of the experiment is that the ratio of water drunk 
to dty food ingested is practically the same in the third as in the first period. Pul- 
verization of the food did not affect appreciably the volume of water drunk. If 
ingestion of the pulverized food resulted in Increased salivary flow apparently there 
was no accompanying urge to drink. 

_ Dog 3 ingested greater quantities of food and water than any of the other dogs 
dunng the entire experiment. The increased food and water consumption in this 
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animal may have been due to the growth of a mammary tumor which began to appear 
when the study was about one third completed. This tumor developed extremely 
rapidly during the remainder of the experiment. 

SUMMARY 

Dogs were placed on a chow diet which was administered in block form and in 
pulverized form with and without additional water. The amounts of dry food in- 
gested, water drunk and total water consumed were determined. It was found that 
increasing the water content of the comparatively dry pulverized food facilitated 
ingestion, yet ingestion of the food without addition of water did not affect appreci- 
ably the urge to drink, as evidenced by the amount of water drunk. In addition, 
water requirements were met, in part, at the expense of drinking water, and finally, 
the total water intake of the animal was not uniform nor related directly to any one 
known factor. 
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B VITAMIN BEQUIKEMENTS WITH ADVANCING AGE 

C. A. MILLS 

From ihe Laboratory jor Experimental Medicine, University of Cincinnati College of Medicine 

CINCINNATI, OHIO 

T wo years ago (i) we reported a markedly increased thiamine requirement (in 
mgm. per kgm. of diet) with advancing age in rats. Since then, Rafsky and 
Newman (2) have described an apparent thiamine deficiency in aged people 
on diets which are qualitatively quite adequate for young adults. Low blood thi- 
amine levels and low urinary output in elderly people on what was formerly consid- 
ered an adequate thiamine intake led these authors to conclude that diets for the 
aged need enrichment. 

During the last two years we have followed a group of rats from weaning time 
to old age, periodically testing them for their requirement of one B vitamin after 
another needed for optimal growth. In this way we hoped to discover any other 
changes in requirement similar to that for thiamine. No changes were found ex- 
cept for verification of the marked rise of thiamine requirement in old age. Die- 
tary concentrations of the other B vitamins adequate for optimal growtli in young 
animals remain similarly adequate throughout life. 

Eighty Sprague-Dawley rats (males) were acquired at three weeks of age anddividedevenly be- 
tween tropical moist warmth (go-9i°F. and 60-70% relative humidity) and temperate coolness 
(6&-7o°F.) • for testing, the 40 rats in each room were divided into four groups of 10 each. When not 
on test diets, they were fed exclusively on Purina dog chow (large checkers). When reassembled into 
new groups for the next test, care was taken to obtain the most even possible division of the rats from 
each of the preceding four groups among the four new groups being formed, thus minimizing the dis- 
turbing influence of previous nutritional differences. 

The basal diet used throughout the study consisted of: sucrose 76%, vitamin-free casein 18%, 
com oil 2% and salt mixture (3) 4%, Vitamins added (per kilo of diet mixture) were; haliver oil 1.2 
cc., thiamine chloride 2 mgm. in cold and 3 mgm. in heat, riboflavin 4 mgm., pyridoxine 4 mgm., 
calcium pantothenate 6 mgm., nicotinamide 25 mgm., p-aminobenzoic acid 0.3 gram, choline chloride 
0.7s gram, a-tocopherol 0.5 mgm. vitamin K 0.5 mgm. folic acid i mgm., and inositol i gram. In 
testing for optimal requirements for a given B vitamin, the above amount for that particular one was 
replaced by the graded amounts as indicated in table i. 

From the results set forth in table i, it is evident that advancing age brings no 
significant change in rat requirement for pyridoxine or riboflavin. Weight gain at 
1.0 mgm. of pyridoxine per kilo of diet was practically as good as at any higher level 
at a rat age of four months and at the advanced age of i8j months. The same held 
for riboflavin at rat ages of 6 and 13J months. These requirement levels check vei^r 
well with those previously reported by us for weaning rats (4) with no significant 
dffier^e between the rats kept in tropical moist warmth and in temperate coolness. 
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The sharp increase in chohne requirement previously reported for weanling rats- 
to prevent hemorrhagic nephritis and maintain optimal growth (5) — does not seei 
to be present at more advanced ages in either heat or cold. At 8| months of ag( 
the rats seemed insensitive to pantothenic acid variations from 8 mgm. down t 
2 mgm. per kilo of diet. 

Tested at 247} months of age, when over half of the original animals had died c 
old age, this second rat series gave indication of the same increase in thiamine rc 
quirement previously reported (i). For optimal response in old age, rats seem t 
require about two and one half times as much thiamine per kilo of food mixture a 
is needed for best growth of weanlings. In this series, as in the previously reportei 
one, death in acute thiamine deficiency'- occurred in the 24-I month-old, hot room rat 
placed on diets containing 2.0 mgm. of thiamine per kilo of diet, a thiamine leve 
which is more than adequate to support optimal growth in weanlings (6). 

Six of the cold room rats developed tumors (unidentified) between the ages 0 
16 and 18 months, at a time when only 25 were still surviving out of the original 4c 
Only one tumor developed in the hot room group, when the 15 remaining survivor 
were 22 months old. 


SXJilMARY 

The increase in thiamine requirement (in mgm. per kgm. of food mixture) pre- 
viously reported with advancing age in rats seems to receive furtlier verification, 
None of the other B vitamins studied (choline, pyridoxine, riboflavin and panto- 
thenic acid) gave any evidence of similar increase in requirement witli advancmg 
age. These findings, in conjunction with the studies on aged people (2), provide 
ample reason to recommend thiamin supplementation for elderly people. There is 
no basis yet for similarly supplementing the normal dietary intake of other members 
of the B group. 
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RAT COLONY TESTING BY ZUCKER’S 
WEIGHT-AGE RELATION ^ 

H. GRAY AND T. ADDIS 

From- the Deparimeiti oj Medicine, Stanford University School of Medicine 

SAN FRANCISCO, CALIFORNIA 

A VISUAL test of the ‘normality’ of a rat colony, applicable without appre- 
ciable expenditure of time and requiring almost no numerical calculation, is 
given by th eobservation of Zucker and his collaborators (i) that if the body 
weights of rats are plotted on semi-log paper against the reciprocals of their ages, the 
points should fall along a straight line. This is shown to be true for three colonies 
of rats by Zucker, and for nine colonies in figure i of this paper. 

By contrast, the phenomenon is not true of Donaldson’s colony (2), the very one that has been 
most carefully studied and that has most often been referred to as a standard. This discrepancy 
from later colonies was shown by Zucker in his figure 2, where the line is conve.x downward betn-een 
about 28 and 105 days of age and only later becomes a straight line. When body weight is plotted 
against age, Donaldson’s measurements give that sigmoid curve, with a point of inflection which 
seems to lie at about 66 days of age, that used to be regarded as characteristic of postweaning growth 
in the rat. The plots of all later colonies, however, show’ a body weight that rises in a smooth un- 
broken curve through all ages. Since Donaldson worked at a time when there was less knowledge 
than we now possess as to what constitutes a complete food for the rat, it may be that his sigmoid 
curve, which manifests the deviation of his data from the straight line relation between the log of 
the body weight and the reciprocal of age, is an indication that his diet, though adequate for adult 
rats, was not optimal for young rats and was more and more inadequate the younger the rat and the 
greater the rate of growth. 

If it can be shown that imimpeded growth in the rat always follows Zucker’s easily tested rule, 
the log-reciprocal relation should be a useful tool for every one who intends to use body-weight change 
as a measure of the effect of anj’ experimental variable, useful before, not after, the measurements 
are made, and useful in the same manner that an inquiry into the purity of his reagents is useful to 
the chemist. For it is not true, as has unfortunately often been supposed, that all other variables 
than the one to be tested are excluded by setting aside an adequate number of rats as controls. 
There is an interaction between variables (3), and a colony under the influence of some unsuspected 
variable, a dietary deficiency or a pathological process may react very differently relatively to its 
controls than another colony that is free from such anomalies. 

The present paper gives the result of a study of this relation in females in nine 
colonies from sundr}’- laboratories (fig. i), and in males in three samples in our own 
colony (fig. 2). The desired comparison is easily made visually without calculation. 
And for those tvho need details, the conventional parameters (means and variabili- 
ties) are recorded in tables i and 2 and discussed in the text. 

The slope k, both for ordinary albinos and Mendel’s big-bred albinos, was rea- 
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Fig. I. Comparison between colonies. Albinos; i Jackson; 2 Hanson and Keys; 3 Kmgi 
4 Gray and Addis’ Sample I; s Zucker; 6 Maj’-nard; 7 Smith and Bing; 8 Evans-Long hybrid rate 
untreated, raised by Addis; 9 Evans-Long, pUuilary-treated reported by Zucker, and here dashed 0 
emphasize that they were different from the others qualitatively. Albinos bred for size by Mende 
and Hubbell are not shown, having been discussed by Zucker. Sperry gave no data for females an 
Macy’s line was omitted in the graph; hence though table 1 has 11 lines, figure i has only 9- 

Fig. 2. Comparison oe three samples within one colony. Males only. Sample I: 29^ 
earlier albino males, that is, through 1940, the heavy line. Sample II: 1600 albino males from ex- 
periments in Laboratory Book 108, which will be* reported elsewhere; since animals were selecte 
by bodyweight, all 1 50 grams (more exactly 148 to 152) , no regression line on age was feasible, but ^ a 
average age, 61.8 days, was used and the whole sample mean therefore plotted at one central poin 
X, with the conclusion that in this sample body-weight for a given age was heavier than in samp e 
Sample III: 24 recent albino males, a dot for each and the thin line for the equation fitted to them 
by least squares; conclusion that the sample, like II, had with time developed heavier weight for a 
given age than sample 1 . This secular change is noteworthy. 
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sonably constant for males but not so uniform for females. Just why the coefficient 
of variability is twice as big in the latter we cannot say. In both sexes, however, 


Table i. Cokstaxts of log-eecipkocal equation 


Colony 

Date 

Males 

Females 

Se.t Ratio 
for k, 
M/F 

Sex Ratio 
for A, 
M/F 

N 

Age 

range 

in 

days 

k 

A 

N 

Age 

range 

in 

days 

k 

A 

Jackson 

1913 

67 

42-365 

'28.02 

:265 

84 

142-365 

22.50 

198 

I-2S 

1-34 

King 

1915 

554 

160-485 

27-75 

367 

537 

60-485 

21.78 

255 ' 

1.27 

1.44 

Hanson & Heys 

1927! 

1034 

40-100 

31.69 

396 

1169 

40-100 

126.52 

279; 

1-19 ; 

1.42 

Macv 

1927 

n,s. 

28-210 

25.62 

484, 

n.s. 

28-210 

20.02 

278 

1.28 

1-74 

Smith & Bing 

1928 

1260 

30-239 

26.74 

573 

506 

35-239 

16.81 

296' 

1-59 

1.94 

Maj'iiard 

1930 

n.s.; 

28-196 

26.81] 

535 

n.s.' 

28-196 

20.51 

314 

I- 3 I 

1.70 

Freudenberger 

1932 

n.s. 

21-448 

25.90 

440 

n.s. 

21-448 

19.6c 

282 

1.32 

1-56 

Sperry-Stoj'anoff III 

1934 

n.s. 

21-154 

25.76 

476 







Mendel & Hubbell 

193s 

n.s. 

21-273 

26.11 

650 

n.s. 

21-112 

19.88 

380 

I-31 

1. 71 

Zucker et al. 

1941 

42 

28-119 

25-55 

470 

311 

28-200 

19.88 

270 

1.29 

1.74 

Addis 

1948 

' 921 

32-260 

27.92 

398 

925 

32-260 

21.97 

260 

1.27 

1-53 


logio (hody-weight in grams) = — + log A, 

where k = slope of the straight line, i/d = reciprocal of age in days, A = estimated asymptote or 
limit approached by body-weight, n.s. = not stated. 


Tabix 2. Means and vakiabelities for the line constants 



Sex 

N 

Mean 

i 

Standard De- 
viation, SD 

Standard Error 
of Mean, SE 

1 

Coefficient of 
Variation, CV 

Slope, k 

Male 

1 

n 

1.86 


6.8 


Female 

9 


2.63 


I2-S 

Asymptote, A 

Male 

10 

440 1 

88 

28 j 

20,1 


Female 

9 

27c , 

32 1 

II j 

12.0 

Sex ratio for k 

M/F 

9 

1-31 

1 

.1X2 

.038 

8.6 

Sex ratio for A 

M/F 

9 

1.60 

1 

•193 

.064 

12.0 


These constants were calculated from the various items in table i, omitting Mendel’s sample 
bred for bigness. Formulae used in computing: the standard deviation SD was calculated by 
Fisher’s formula which u ses, not the numbe r of cases N, but the degrees of freedom df, which here is 


N- 1 ; hence SD - xhe standard error of the mean, SE = SD/Vn. 

The coefficient of variation, CV = 100 SD/Mean. 


one may say that there is a family of lines with the slope of approximately 27 in males 
and 21 in females. Viewed this way, the slope is less interesting for the investigator 
to watch than the intercept which is log A. If that intercept is larger, one would 
have to say that there had been a significant change in the sample as compared with 
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another sample, and then one would have to decide from other evidence whether the 
cause was secular or dietary or some other factor in the investigation. 

The coefficient of variability of A is so large that it is evidently unsafe to think 
of this asjmiptote as merely about 440 grams for males and 270 grams for females; 
but one should select the sample nearest one’s own as a base of first comparison. 

The original data from which Zucker and his associates derived their relation 
were published in a table showing a rather small sample of 42 male and 311 female 
albinos, of ages from 28 days (4 weeks) to 119 days (17 weeks). Also there were 
given the important constants or parameters of body-weight for age (his class inter- 
vals being one week), namely the mean and the standard deviation in grams, and the 
coefficient of variability in percentage of the mean. The last named constant is too 
often ignored, with the unfortunate result that an observation, or even a mean of 
observations, appears on a diagram to indicate a material trend, when in reality it 
should be discounted as representing merely a fluctuation due to the universal 
variability of biological matter. However, Zucker did not fail to note the wide 
fluctuation, which in some age groups was only 8 per cent and in others as much 
as 18 per cent; also these variabilities characterized, not their colony as a whole, 
but only those particular data on breeding stock animals selected at weaning so 
that the weights clustered around the chosen means. This reservation unfortu- 
nately restricts the usefulness of their values for purposes of comparison. 

Formulation was their next consideration. They remarked, and we agree, that 
growth curves have a point of inflection, but it comes before weaning, which in our 
colony occurs at 25 days of age. Instead of the strongly marked sigmoid form of 
older data, the simple form with constant slope warranted transformation into a 
straight-line function for greater ease of interpretation and comparison. Such an 
empirical transformation, if it leads to a simple equation, is always useful but need 
not have any reference to theoretical interpretation of the growth process. Their 
transformation, then, was this: If the logarithm of weight is plotted against the re- 
ciprocal of time, a good straight line results. Their formula for this straight line was. 
log W = — k/t -f- log A, in more familiar notation Y = B -h kX, where X = I A “ 
the reciprocal of time or age, W is the weight in grams, F = iogio W, A is the weight 
approached asymptotically in the adult (log A == B = the intercept of the straight 
Kne), and k is the slope of the line which characterizes the rate of growth, k =f 
W2 log Wi)/ ( 1 /ti — l/t"). The theoretical underlying principles and some appli- 
cations were discussed by Zucker and later by Dunn (4). 

The asymptote A is the body- weight approached during growth. It is a statisti- 
cal limit rather than a value one expects to find. Furthermore it can be the same for 
two samples which have different slopes; e.g., in table i, the females of Hanson and 
Heys have essentially the same A as those of Macy, but the slope h for the former col- 
ony is 28 per cent larger than for the latter. Macy’s colony is not graphed in figure 
2 because this discrepancy in slope would confuse visualization of the principal phe- 
nomena. 

One may be interested in the size of A as such. Primarily one is concerned with 
obtaining a line to put on a graph, because the individual animals observed and 
plotted are to be examined, not in relation to the theoretical limit of the oldest, 
heaviest animals but in relation to the line, i.e., to animals of like age. 
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KESXJLTS 

In table i we give the constants of the log-reciprocal equation derived from ii 
colonies. These were computed from published data for albino rats, using days 
rather than weeks of age as the unit of time. In figure i lines are given for females 
in seven albino colonies selected to show the great differences in the size of the ani- 
mals at any given age. For aU colonies that we have examined, except Donaldson’s, 
straight lines are obtained for the relation and we can thus confirm Zucker s rule. 
Figure i shows the degree to which the slopes vary. In all cases except one the lines 
represent supposedly normal growth. In this exception, line 9 of figure i, an ex- 
perimental variable, the injection of growth hormone had been introduced, and here 
it can be seen that though the line is still straight its slope is greatly changed. The 
parallelism between line 8 (Evans-Long) and line 4 (our albinos), in spite of the con- 
siderable difference in body size, is presumably a consequence of the fact that both 
of these colonies were born and grew up on the same diet and under the same complex 
of external conditions. The fathers and mothers of these Evans-Long rats came from 
Dr. Herbert Evans’ colony in Berkeley, and their children were examined in order to 
determine whether or not this relation, and other relations between body-weight and 
organ-weight that characterize our colony, were affected by the absolute body-size 
difference. The parallelism between line 4 and line 8 in figure i shows that k remains 
constant in spite of a marked difference in A. Within albino colonies differences in 
A are presumably a matter of conscious or unconscious selection for size. When 
an explicit attempt is made to breed for size, as in the case of Mendel and Hubbell’s 
colony, table i shows that A may rise to 650 grams for males and 380 grams for fe- 
males as compared with an average-sized colony such as ours where the respective A 
constants are 398 and 260 grams. 

When there is no intentional selection for size but simply the rejection at the time 
of weaning of small ill-nourished animals because it is thought they may be diseased 
or anomalous, there is, over the years, a gradual increase in the absolute size of rats 
in any one colony. This is shown for males of our colony in figure 2. Sample I 
shows the line calculated from the values already given for 921 rats in table i, cover- 
ing the period 1929 to 1940. Sample II covers the period 1945 to 47; it represents 
1600 animals, which for the purposes of the experiments then in progress were selected 
so that their weights were close to 150 grams, hence no regression line was possible. 
The mean body-weig:ht was 1 50.3 grams and the mean of the ages was 61.8 days, with 
the large range of 52 to 82 days and standard deviation of 5 days; these two means are 
therefore plotted as a cross. Sample III was composed of 24 rats taken from the 
current colony at random; their weight ranged from 68 to 286 grams, and a line fitted 
jdelded the parameter k = 28.21, asymtote A = 439 grams, vertical intercept or 
log A = 2.642. 

Comparison of these three samples within the same colony is simple visually in 
the graph, or by taking a convenient age, say 61 .8 days, and solving the equations for 
I and n. Then the corresponding body weights for the three samples are 140.6, 
150.3 and 153.5 grams. Easy comparison of these can then be made by taking 1 
as a base, with sample II 10.7 per cent heavier and III 10.9 per cent heavier at the 

stated age. Hence the latter two samples may be considered identical, but notably 
hearner than the earliest sample. ^ 
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Practical procedure. It is to be emphasized to tlie investigator that the relation- 
ship is to be considered in two stages: one the simple visual method for use during an 
experiment, the second the later defining of a particular sample by calculations 
for purposes of record. 

The simple visual method requires only ordinary cross-section paper, on which 
the horizontal or X scale is laid off in working units of reciprocals. For example, if 
the age range of one’s sample runs from 30 to 200 days, the corresponding reciprocals 
from .033 to .005 are inscribed, beginning at the left. Then the vertical or F scale 
of the body-weights in the sample range from 50 to 250 grams, and the appropriate 
logarithms from 1.7 to 2.4 are laid off. This arrangement is seen in our two diagrams, 
figures I and 2. For those who prefer avoiding a table of logs but do not mind the 
finer gradations, semilog paper with two decks on the vertical axis can of coursebe used. 

The experimenter then plots the observations as they are made and soon will see 
whether the expected straight line can indeed be fitted by eye. We wish then to in- 
sist on this simplicity. 

Later, if desired, the investigator can solve, at three ages, the equation reported 
here for any colony which seems to him comparable with his own, and from those 
three points draw in the line on his plot. And soon he will have such a line of his own 
as a standard for his future experiments. 

SUMMARY 

A straight line relation between the log body-weight and the reciprocal of age 
has been found to hold for data derived from 1 1 different colonies, and the constants 
of the equation have been determined. The slope of the line varies moderately m 
different colonies. Since it is markedly altered when growth rate is changed by 
growth hormones we suppose that the differences in slope between the different col- 
onies may be derived from the action of individual factors that have the same rela- 
tive effect at all ages. The deviation from a straight line in Donaldson’s data may 
be a consequence of a factor acting only at certain ages, as for instance a diet ade- 
quate for old but not optimal for young rats. 

The A constant in the equation, the maximum size approached asymptotically 
by a colony, varies widely. This may be a consequence of hybridization of two 
strains of different sizes, as in the Evans-Long colony, or may be a result of selection 
for size as in the Mendel-Hubbell colony. It is shown that in spite of wide differ- 
ences in A, k remains constant when the environmental conditions are the same. 
Secular changes in the A constant are shown to occur in a colony in which there was 
no intentional selection for size, presumably as a consequence of the rejection of un- 
usually small or ill-nourished rats at the time of weaning. 

The log-reciprocal relation is an easily applied index to test the operation on a 
colony of unsuspected variables and may be used as a measure of secular change m 
a colony. 
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EFFECT OF ORALLY ADMINISTERED UREA ON THE AMMONIA 
AND UREA CONCENTRATION IN THE BLOOD OF CATTLE AND 
SHEEP, WITH OBSERVATIONS ON BLOOD AMMONIA LE^^LS 
ASSOCIATED WITH SYIHPTOMS OF ALICALOSIS^ 

JAMES S. DINNING, H. M. BRIGGS, W. D. GALLUP, H. W. ORR and R. BUTLER 

From the Departments of Animal Husbandry, Agricultural Chemistry Research, Physiology, 
and Veterinary Science, Oklahoma Agricultural Experiment Station 

STILLAVATER, OKIAHOJLA 

D uring recent j^ears considerable interest has beenshowTiin the possible 
use of urea to supply part of the nitrogen (protein) needs of cattle and 
sheep (1 , 3, 4, 5) . Evidence has accumulated to show that ruminants are 
able to utilize some urea nitrogen for productive purposes, although the exact 
mechanism of this utilization is not kno\™. It has been suggested (6) that bacteria 
in the rumen are responsible for conversion of the urea nitrogen to a form which 
can be utilized by the host. If such a conversion takes place, the rate of absorp- 
tion of urea should be a factor affecting the efficiency of its utilization, since 
that which is absorbed is no longer subject to bacterial action. Studies have 
been made at this experiment station with sheep and cattle to determine the rate of 
absorption and possible to.xicity of urea when administered orally in water solu- 
tion and when mixed with concentrate feeds in a practical ration. Urea and 
ammonia were detennined in both the portal and systemic blood of a sheep in 
one experiment and in the systemic blood of steers in all other experiments. 


EXPERIMENTAL 


The sheep used for the portal blood studies was a ram lamb weighing 90 
pounds which had been on full feed of hay and grain. Twenty-four hours before 
the experiment all roughage was taken from the ration in order to reduce the 
rumen and intestinal contents. The lamb was anesthetized with pentothal 
sodium injected intravenously, with supplements of ether given during the 
experiment. An incision was made in the right abdominal wall just posterior to 
the costal margin and the portal vein exposed by retraction of the abdominal 
viscera. Samples of portal and s 3 '-st.emic blood were drawm immediately. Forty 
gi-ams of urea and 40 grams of sucrose dissolved in 500 ml. of water were then 
directed into the rumen bj’’ means of a stomach tube. Samples of portal blood 
were taken at 15-minute intervals thereafter for two hours and a sample of 
systemic blood from the jugular vein was taken at the time of the last portal 
sample. Urea and ammonia were determined by the method of Van Slyke and 
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Cullen (7), all determinations being completed nothin four hours after the first 
sample was drarni. The blood values are given in table 1. 

Four yearling steers weighing approximately 500 pounds each were used for 
the study of ammonia and urea levels in systemic blood following oral adminis- 
tration of water solutions of urea. Prior to the experiment the steers were on 
full feed of 8 pounds of prairie hay and 3 pounds of cottonseed meal daily. The 


TABLE 1. Urea and nhj-n in the pobtae and systemic blood of a sheep 
FOLLOWING ADMINISTRATION OF 40 GRAMS OF UREA AND 40 GRAMS OF SUCROSE 
(values in mgm. N per 100 ml. of blood) 


ITEMS COMPARED 



0 


NHj-N in portal blood 

1.75 


NHj-N in sj'stemic blood 



Urea-N in portal blood 

7.77 

15.26 

Urea-N in systemic blood .... 




TIME IK MISTJTES 


30 

45 

60 

75 

90 

105 

i 

120 

4.75^ 


6.65 

6.51 

1 



8.40 

3.36 

13.31 


i 13.86 

! 13.51 

14.56 

14.77 

' 15.12 
16.10 


38 

36 

34 

32 

30 

26 

26 

24 

22 

20 

18 

16 

14 

12 

10 



Fig. 1 and 2. Effect of administration of water solutions of urea on blood urea and 
NHs levels in cattle. Steers 1,2,S, and 4 received 57, 114, 272, and 490 grams of urea, respec- 
tively. A represents the point at which ataxia was first observed; D represents death of t e 
animal. 


morning on which urea was to be administered the steers were fed 4 pounds of 
concentrate containing 50 parts cottonseed meal, 32 parts hominj’" feed and 10 
parts blackstrap molasses. When the animals had consumed their feed, blood 
samples were obtained by jugular stab to determine the initial blood urea and 
ammonia values. Urea in varying amounts dissolved in a liter of water was 
. then given orally by means of a short rubber tube 25 cm. in length Avhich reached 
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to about the midpoint of the esophagus. Steers 1,2,3, and 4 received 57, 116, 
272 and 490 grams of urea, respectivelyj in this manner. Urea and ammonia 
detei-minations Avere made on jugular blood samples taken at frequent intervals 
until death or recovery of the animals. The results are presented graphically 

in figures 1 and 2. . • i • n j 

In the foregoing experiment the blood ammonia values inci eased rapidly and 

Avith fatal results. Therefore, it appeared desirable to continue the study by 
feeding urea mixed AAuth a concentrate feed. The concentrate feed used AA’^as 
composed of cottonseed meal, hominy feed and molasses in the same proportions 
as given above plus eight parts of urea. Four steers AA^ere fed 40, 48, 73, and 80 
grams of urea in this manner and a fifth steer was given the same basal ration 



Fig. 3 and 4. Effect of urea eaten in mixed feed on blood urea and NHs levels in 
cattle. Steer 5 received the basal ration without urea. Steers 6 , 7, 8 , and 9 ate 40, 48, 73, 
and 80 grams of urea, respectively. 

Avithout urea. Attempts to induce the steers to eat larger amounts of urea in a 
short period of time failed. Urea and ammonia determinations Avere on jugular 
blood samples taken immediately after the steers had consumed their feed and 
at 30-minute intervals during the next three hours. The results are given in 
figures 3 and 4. 

Tavo additional e.xperiments AA'ere then carried out. In one of these, the 
amount of urea fed in a mixed feed Avas gradually increased. In the other, a high 
urea ration AA'^as suspended in water and given as a drench. 

KESULTS AND DISCUSSION 

lable 1 presents rvalues for urea and ammonia nitrogen in the portal and 
systemic blood of the sheep immediately preceding and folloAving oral adminis- 
tration of urea m Avater solution. Portal urea-N values increased from 7.77 mgm. 
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per cent to 15.26 mgm. per cent Avithin 15 minutes after tlie urea Avas given. 
During the same period portal NHj-N A^alues increased from 1.75 to 4.06 mgm. 
Thereafter, the urea values remained fairly constant Avhereas the NHs-N values 
continued to increase until at the end of tAvo hours a Amlue of 8.40 mgm. Avas 
reached. Changes of similar magnitude AA’ere obser\’-ed in the urea = N and 
NHs-N value of the systemic blood at the end of tAVo hours. The increase in 
NHs-N of the portal blood indicates absorption of appreciable quantities of 
ammonia produced by the hydrolj'-sis of urea in the gastrointestinal tract. 

Changes in blood urea and ammonia produced by oral administration of from 
57 to 490 grams of urea to steers are shoAAm in figures 1 and 2. "V^Tien 57 grams 
of urea AA^ere giAmn to steer 1 , urea-N values increased to about 18 mgm. per cent 
during the next 70 minutes AA^hile NHs-N Amines varied onlj’" slightly from the 
initial value of one mgm. per cent. Wlien 116, 262, and 490 grams of urea AA'ere 
given to steers 2, 3, and 4, respectiAmly, there Avas a rapid rise in both urea and 
ammonia and death folloAved AAuthin a period of 70 minutes. At the time of 
death, NHs-N values of steers 2, 8, and I, had reached 4.48, 5.74, and 7.14 mgm. 
per cent, respectively. Urea-N Amlues, although high, at no time exceeded those 
AAdiich have been observed in other animals consuming high-urea rations AA^thout 
ill effects. The three steers exhibited almost identical sjunptoms preceding 
death. Ataxia, especially of the front legs, occurred AAuthin 20 minutes after 
the urea Avas giAmn. Ammonia-N Amlues at that time had reached about 2 mgm. 
per cent. The steers became unable to stand and AAmnt into seAmre tetany. 
Respiration became sIoav and difficult AAUth frequent gasping, and the animals 
exhibited excessive saliAmtion Avith frothing. As blood ammonia values con- 
tinued to rise the tetany became progressiAmly Avorse. The highest NHs-N value 
observed during the periods of survival AAms 3.74 mgm. per cent fov.'Steer 4 at the 
end of 24 minutes. The loAvest value obserAmd at the time of death AA’as 4.48 
mgm. per cent {steer 2). It is suggested, therefore, that the lethal level of NHs-N 
in the blood is someAvhat beloAV these levels but aboAm 2 mgm. per cent. Bang 
(2) reports that for rabbits the lethal level is about 4 mgm. per cent. 

In an attempt to alleAuate the tetany of a steer AA^hich had been giAmn 256 grams 
of urea by stomach tube, 75 grams of a mixture of equal parts of calcium cliloride, 
magnesium chloride and dextrose AA^ei’e given intravenously. The tetany com- 
pletelj' disappeared Avithin 15 minutes after the injection but the steer died one 
hour and thirty minutes, later. 

Another steer aa^hs given 236 gram of urea in Avater by means of a stomach 
tube of such length that it could be palpated in the rumen. This longer tube 
Avas used to insure delivery of the urea into the rumen AAuth little opportunity 
of its being shunted into other stomach compartments. In the folloAA'ing two 
hours urea-N of systemic blood increased from an initial value of 18.40 mgm. 
per cent to 28.63 mgm. per cent; NHs-N increased from 1.12 to 1.82 mgm. pei 
cent. The steer shoAA’-ed none of the symptoms described for those given urea 
AAuth a short tube, but died seven hours later. Autopsy reA''eaIed severe inflam- 
mation of the Avail of the rumen in the region in AA^hich the tube Avas palpated. 
The absence of symptoms of alkalosis, relatively low NHa-N values, and dela}^ 



April 1948 


UTILIZATION OF UREA 


45 


death of this animal indicate a difference in the effect of urea when directed into 
the rumen and when directed into the esophagus from where it might by-pass 

the rumen. _ • r i. 

The effect of urea eaten in feed on the urea and ammonia concentration of the 

blood of steers is shown in figures 3 and 4. "ViTaen given in this manner 73 and 
80 grams of urea eaten by steers 8 and 5, respectively, produced a slow lise in the 
urea-N blood level which reached its peak of about 24 mgm. per cent in from 2 
to hours. The initial rise in urea-N Avas less rapid than that observed when 
comparable amounts of urea were given to steers 1 and 2 by stomach tube. 
Smaller amounts of urea consumed bj’’ steers 6 and 7 produced no significant 
change in blood urea. Ammonia-N levels for all steers remained beloAV 2 mgm. 
per cent. Although the steers refused to eat urea in as large amounts as had 
been given some animals by stomach tube it was possible by graduallj'' increasing 
the percentage of urea in a mixed feed to induce one steer to eat 400 grams of 
urea daily for 70 days. Approximately five hours Avere required for the steer to 
eat the ration. Blood samples taken two hours after the steer had eaten con- 
tained 30.10 mgm. per cent of urea-N and 0.70 mgm. per cent of NH 3 -N. At no 
time did this animal shoAv symptoms of distress as a result of this high urea 
intake, although similar amounts and even smaller amounts of urea had proved 
fatal when giA’^en by stomach tube. In feed lot experiments eight steer calves 
have gained weight and shoAAm no symptoms of toxicity on rations AA^hich supplied 
200 grams of urea daily. 

Since dilution of urea AAdth mixed feed appeared to favor its sIoaa- hydrolysis 
and absorption, a suspension of 5 pounds of the basal ration, previously described, 
plus 180 grams of urea in 4 gallons of Avater Avas directed into the rumen of a steer 
by means of a long stomach tube. Blood urea-N values determined an hour 
later increased from an initial value of 12.95 mgm. per cent to 21.77 mgm. per 
cent; NH3-N at that time was 2.52 mgm. per cent. The steer exhibited the 
characteristic ataxia and tetany of animals with blood NHs-N values above 2 
mgm. but appeared perfectly normal three hours later. 

It appears from the combined results of all experiments that toxic levels of 
urea are reflected in the rapid rise of urea-N of the blood and an increase in 
blood NH3-N to A'^alues over 2.5 mgm. per cent. The extent of these blood 
changes with accompanying symptoms of alkalosis AA^hich maj'" result in death is 
conditioned by the manner of administration. Apparentlj’- steers are able to 
consume in mixed feed relatively large quantities of urea, one steer receiAung 
400 grams daily; A\diereas, a sunilar or even smaller amount of urea suddenly 
directed into the esophagus or rumen may prove fatal. 

SUMIIAKY 

Oral administration of 40 grams of urea in AA^ater solution to a sheep under 
light anesthesia produced a rapid rise in urea and anunonia of the portal blood. 
Bortal blood-anmoma A^alues, Avhich continued to increase during the tAA^o-hour 
obserA’ation period and reached 8.4 mgm. per cent, indicated hydrolysis of urea 
m the i-umen and absorption of large quantities of ammonia, men adminis- 
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tered as a drench to steers, urea in amounts exceeding 100 grams produced a 
rapid rise in the levels of both urea and ammonia of the systemic blood. Ataxia 
appeared in steers when ammonia nitrogen of the systemic blood reached a level 
of approximately 2.5 mgm. per cent, and symptoms of alkalosis followed by death 
occurred at a level of about 4 mgm. per cent. "ViOien given as feed, mixed with 
other concentrates, urea in amounts up to 400 grams daily produced no ill effect 
in steers; in fact, it has been used successfully in this manner to supply part of 
the nitrogen (protein) needs of both sheep and steers in practical feeding trials (3). 
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EFFECT OF THE KIDNEY OF THE FASTING RAT ON BLOOD 
SUGAR AND HEMOGLOBIN CONCENTRATIONS BEFORE 
AND AFTER EVISCERATION OR PARTIAL HEPATECTOMYi 

ROGER M. REINECKE=. GUILFORD G. RUDOLPH, MELWN J. BRYSON 

AND LEO T. SAMUELS 

From the Department of Biological Chemistry, University of Utah 

SALT LAKE CITY, UTAH 

I T HAS been found that the kidneys of the rat become an apparent source of blood 
sugar sometime after the animal’s gastrointestinal tract between the lower 
esophagus and lower colon, pancreas, spleen and liver havebeen removed (i) . The 
studies reported here were undertaken to determine how soon after evisceration this 
renal glucogenesis might be observed and whetlier or not the lesser degree of hepatic 
insufficiency induced by partial hepatectomy might also be adequate to reveal it. 
The study on the eviscerated preparation also afforded an opportunity to investigate 
the effect of faradic stimulation in the vicinity of the renal vein. Tliis was done be- 
cause the puncturing of the renal vein in taking blood had seemed to cause variations 
in the sugar concentration in successive samples (i). As a part of these studies, 
sugar estimations were made on a substantial number of pairs of samples drawn simul- 
taneously from the aorta and renal vein prior to either evisceration or partial hepa- 
tectomy. These were examined statistically for evidence as to whether or not renal 
glucogenesis occurs in the fasting rat that has been subjected to no procedures other 
than the anesthesia and midventral incision necessary for taking the samples. 

Hemoglobin analyses were made on all samples taken. It was assumed that the 
absolute amount of hemoglobin does not change as blood flows through the kidney 
and that therefore variations in its concentration can be used in estimating the hemo- 
concentration due to the renal excretion of water. The statistical analysis of the 
results indicated that this assumption may not be valid. 

METHODS AND RESULTS 

These studies were made on adult male, albino rats from 222 to 322 grams in 
weight that had been obtained from Sprague-Dawley as weanlings. They were 
allowed to fast for the four days prior to operation, for it had previously been found 
that renal glucogenesis is more readily observable in the fasting rat (2, 3). Tap 
water was given ad libitum. The eviscerations were performed as in preceding 
studies (i). The partial hepatectomies consisted of making a midventral incision 
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into the belly, tying a single ligature around the attachments of the left and median 
lobes of the liver and excising the portion of the liver distal to the ligature. The 
blood samples were drawn and analyzed for sugar and hemoglobin as described pre- 
viously (4) . Great care was taken to draw the corresponding renal vein and aortic 
samples simultaneously and then analyze them in strict parallelism in order to avoid 
insofar as possible any systematic error that might effect one but not the other. The 
midventral incision into the belly was closed between samplings. Sodium amytal 
was used as the anesthetic (4). 

The results of the studies made to determine how soon after evisceration renal 
glucogenesis miglit be observed are presented in table r. The statistical analysis 
of these data shows that the concentration of sugar was significantly greater in the 
renal vein than in the aorta at the completion of the procedures about 9-16 minutes 
after the superior mesenteric and celiac arteries had been ligated. This increased 
concentration of sugar in the renal vein as compared with the aorta is also found to 
have been significantly greater than the statistically non-significant increase observed 
in the pre-evisceration samples in this group. The samples taken at about one and 
three hours after evisceration show the increased concentration of sugar in the renal 
vein as compared with the aorta in even more marked and significant degree. The 
incidental study on the effect of faradic stimulation in the vicinity of the renal vein 
supports the earlier impression that stimulation in this region might cause variations 
in the concentration of sugar found in that vein. In four of the five instances there 
was a marked increase and in the fifth a marked decrease in the observed concentra- 
tion. These changes may have been secondary to changes in blood flow, for there was 
a definite diminution in the diameter of the renal vein after stimulation. The de- 
crease in sugar concentration in the one instance may have been due to a back flow of 
blood into the renal vein from the vena cava occasioned by the withdrawal of the 
sample from the renal vein at a rate faster than could be supplied by a markedly re- 
duced flow through the kidney. 

The results of the studies made to determine whether or not partial hepatectomy 
might be effective in revealing renal glucogenesis are shown in tables 2 and 3. It 
was found that the concentration of sugar was significantly greater in the renal vein 
than in the aorta three hours after partial hepatectomy. The amount, percentage- 
wise, by which the sugar concentration in the renal vein exceeded that in the aorta 
is also found to be significantly greater than the percentage-wise smaller and statisti- 
cally non-significant excess found previous to partial hepatectomy in this group. 
The results shown in table 3 indicate that there is no obvious advantage in studying 
renal glucogenesis 6 or 25 hours rather than 3 hours after partial hepatectomy. 

The samples taken before either evisceration or partial hepatectomy indicate 
that on the average the concentration of sugar was higher in the renal vein than in 
the aorta even before the animals were subjected to these procedures. The higher 
concentration, however, proves to be statistically significant in only the group shown 
in table 3. Since the preliminary preparation of all the animals had been essentially 
similar, it was considered justifiable to combine all of the pre-evisceration and pre- 
partial hepatectomy samples for statistical study. This combined group then con- 
tained 45 pairs of renal vein and aortic sugar estimations. The renal vein sugar con- 
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centra tion for this group exceeded that of the aorta by a mean of 2.02 per cent with a 
standard deviation of 0.637 P^r cent. This gives a value of / of 3.17, which for a 
sample of this size indicates that the probability of obtaining this result by chance is 
less than i per cent. 

The hemoglobin concentrations had a noticeable tendency to be lower in the 


Table 2^ 


Animal 

Samples taken 1-6 min. before partial 
hepatcctomy 

Samples taken 170-190 min. after partial 
hepatectomy 

Sugar 

Hb 

Sugar 

Hb 


Cao 

[(Crv/Cao)— 1)100 

((Cn.'/C.ao)- 1)100 

Cao 

t(Crv/Cao)— 1)100 

[(Cn.-/Cao)-l )100 

II 

98 

-•S6 

2.47 

99 

7.24 

— 2.28 

12 

86 

1-93 

1.42 

131 

3-84 

•59 

13 

95 

— 6.92 

1,04 

71 

16.45 

1.86 

14 

96 

2.86 

•39 

96 

7.12 

•97 

IS 

102 

.18 

.82 

99 

2.58 

-•79 

16 

77 

3-94 

I .04 

69 

7-30 

-.91 


82 

3.38 

.20 

91 

2.61 

— 1.92 

18 

8s 

1-95 

— 1.02 

75 

5-73 

-•75 

19 

79 

.70 

— .62 

68 

— 7,22 

-5. 12 

20 

122 

4-45 

—3.10 


3-79 

— 1.69 

21 

112 

-4.46 

-•59 


9.80 

2-SS 

22 

82 

- 9-47 

.00 

1 86 

4.29 

-1.42 

23 

89 

8.28 

.20 

106 

10.08 

-r.3S 

24 

73 

II-S 9 

— 1.16 

74 

14-45 

-•93 

25 

83 

3-33 

-1.52 

90 

2.86 

- 1-93 

26 

96 

8.02 

2 . 2 s 

96 

CM 

-1.65 

27 

91 

1 .60 

- 1-73 

117 

- 4-77 

I-S2 

28 

86 

7-34 

-.85 




29 

99 

•S6 

-I- 9 S 

102 

.90 

— 2.40 

30 

8g 

2.28 

.00 

79 

5.66 

• 99 

31 

90 

.20 

.84 

79 

2.40 

— 2.36 

32 

96 

— 1.72 

1.67 

89 

8.46 

-•37 

33 

82 

.gi 

-•38 




34 

los 

-•35 

— .22 




3S 

97 

3-78 

—4-19 




Mean 

92 

1.66 

— .20 

91 . 

5-29 

-•83 

P 


.i-.os 

• 6-.5 


< .001 

.05-. 02 

pi 





,02-. 01 



1 See footnote to table 1. 


renal vein than in the aorta. In one group shown in table 2 the difference is statisti- 
cally significant. In order to study this finding further, all of the data pertaining to 
hemoglobin were combined for statistical analysis into a single group, which then con- 
tained 1 14 pairs of renal vein and aortic hemoglobin values. The renal vein hemo- 
globin concentration for the entire group was less than that of the aorta by a mean of 
0.579 per cent with a standard deviation of 0.163 per cent giving a value of t of 3 - 55 ) 
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Which for a sample of this size indicates that the probability of obtaining these values 
by chance is less than o.i per cent. 


Table 3* 



Samples taken 2 -S min. before 
partial hepatectomy 

Samples taken 361 — 369 min. after 
partial hepatectomy 

Samples taken 1458-1512 min. 
after partial hepatectomy 

Animal 

Sugar 1 

Hb. 

Sugar 

Hb. 

Sugar 

Hb. 


Cao 

f(Crv/Cao) 

- 1]100 

[(Cr\-/Cao> 

- 1]100 

Cao 


[(Crv/Cao) 

-11100 

Cao 

[(Crv/Cao) 

-11100 

[(Crv/Cao) 

. -HlOO 

36 

37 

38 1 

39 

40 

41 

42 

43 

44 

4 5 

8s 

79 
90 

103 
120 I 
96 

94 

86 

76 

80 


.64 

-42 

.CO 

.20 

2.89 
• 40 

1 .06 
-1.67 
.61 
-.81 

83 

80 

87 

83 

82 

92 

86 1 
87 

73 

76 

— 10.49 

3-27 

6.78 

1-33 

7.61 

2.98 

1.29 

— 1.27 
9.14 
S -87 

-•63 

— 2,22 

-.82 

— 2.16 
1.66 

.61 

.82 

-.78 

- 3 -iS 

i-S6 

83 

91 

86 

74 

84 

92 

86 

73 

3 - 3 S 

.00 

9.01 

2.28 

• 44 

1 2.59 

2 - 3 S 

7.62 

— 2.28 

— 1.96 

I — . 21 

1 - 5-21 

.00 

— 2,64 

.00 

.00 

Mean 

91 

2.19 

•37 

83 

2.65 

-•SI 

84 

3-46 

-I-S4 

P 


• OS 

j •4--3 


•4--3 

.6 -. 5 


.02-. 01 

.I-.05 


' See footnote to table i. 


DISCUSSION 

Fermentation was not used in the analyses because it was expected to increase 
the variance and consequently the number of animals needed in each group. In 
previous studies (i, 3), however, the arteriovenous differences in sugar concentration 
for the kidney were not explicable on the basis of variations in a non-fermentable 
reducing substance. 

Urine and lymph formation and variations in renal volume and sugar content 
may cause increases in the sugar concentration of the blood flowing through the kid- 
ney in the absence of renal glucogenesis. The possible magnitude of these increases 
must be considered if any interpretation is to be made of the relatively small percent- 
age increase that was found for the group of samples taken prior to evisceration or 
partial hepatectomy. In this case the renal vein sugar concentration was a mean of 
2.02 per cent higher than that of the aorta and the standard deviation of this mean 
was 0.637 cent. By convention this mean is signifi.cantly greater than any arbi- 
trary’- value which it exceeds by twice its standard deviation. It follows then that 
this observed increase is statistically significant of renal glucogenesis if the nongluco- 
genic processes mentioned cannot account for more than a 0.743 per cent increase, 
for 2.02 per cent exceeds this value by 2 X 0.637 cent. If such an increase were 
to be accounted for by urine formation, the urine flow would have had to have ex- 
ceeded 0.737 per cent of the blood flow. If the blood flow approximated normal at 
the time these samples were taken, this rate of urine flow would have exceeded 0.031 
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ml/ioo cm.- of body surface/min. (7). This would have amounted to 185-235 ml/ 
day for tlie size range of animals used. This approaches the maximum capacity of 
the kidney of the rat to excrete urine as found in studies on water intoxication (8). 
In a recent study (9) in which both urine flow and plasma flow were measured, the 
urine flow exceeded 0.737 cent of the blood flow in only one group of animals. 
In this group a severe diuresis had been induced by the subcutaneous administration 
of normal saline and urea so that if the observed rate of urine formation had con- 
tinued, rats averaging 149 grams in body weight would have excreted 120 ml. of urine 
per 24 hours. In the other groups, which exhibited less marked diuresis, the urine 
flow was substantially less than 0.737 Per cent of the renal blood flow. Studies on 
another species, the dog, suggest that both the barbiturate anesthesia and punctur- 
ing of the renal vein present in these studies may have reduced both urine flow and 
renal blood flow (10-12). There is no evidence indicating that the reduction in blood 
flow would have exceeded the reduction in urine flow to such an extent that the latter 
would have exceeded 0.737 per cent of the former. 

If it is assumed that the erythrocytes of the rat contain no sugar (13, 14) and 
that the renal capillaries are permeable to the blood sugar (15, 16), any increase in 
the plasma fraction of the blood in excess of 0.743 per cent of the arterial value would 
be adequate to account for the observed increase in renal vein sugar concentration. 
The renal blood flow, however, is so large when compared with the renal volume and 
carbohydrate content (17) that it seems improbable that any significant increase in 
renal vein sugar concentration can be accounted for by this mechanism. The same 
conclusion holds for the effect of the movement of sugar-free water into the intra- 
cellular space of the kidney, for this process like that of urine formation would need 
to have proceeded at 0.737 per cent of the blood flow through the kidney to account 
for the 2.02 per cent increase observed in blood sugar concentration. 

In the dog, renal lymph flow probably exceeds that of urine (16); but since 
the sugar concentration in lymph approximates that in plasma, lymph formation 
can scarcely account for any significant increase in renal vein blood sugar concen- 
tration. 

There is the possibility that the decreased concentration of hemoglobin observed 
in the renal vein as compared with the aorta may be a reflection of a difference in the 
degree of plasma skimming in the sampling procedure for the samples were drawn 
through No. 27 hypodermic needles. These needles have a bore of about 135 m and 
it is conceivable that the renal vein blood may differ sufficiently from aortic in such 
properties as viscosity and the surface characteristics of the erythrocyte that there 
might be a significant difference in the proportions of cells and plasma drawn through 
the needle. If it is assumed that there has been no change in cell volume between 
aortic and renal vein blood, that the red cells contain no sugar and that the hemato- 
crit is approximately 50 per cent, then the percentage decrease in hemoglobin will 
account for an equal percentage increase in blood sugar. If the increases in blood 
sugar observed in the samples taken before evisceration or partial hepatectomy are 
corrected on this basis by subtracting the decreases observed in hemoglobin concen- 
tration, and if the results are analyzed statistically it is found that there remains a 
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mean increase of 1.774 per cent in renal vein sugar concentration with a standard de- 
viation of 0.600 per cent giving a value of /• of 2.54 which for samples of this size 
indicates a value of P < .02 > .01 . This sort of plasma skimming due to the use of 
small bore needles therefore does not account for the observed increase m blood 

sugar. ... 1 

Consideration then of the various possible non-glucogenic mechanisms reveals 

that either singly or collectively they would have had to have proceeded at rates so 
great as to be unlikely in order to account for the observed increase in renal vein sugar 
concentration. This supports the interpretation that the 2.02 per cent increase in 
renal vein sugar concentration prior to evisceration or partial hepatectomy indicates 
that renal glucogenesis was present at that time and therefore is probably of impor- 
tance in the physiology of the fasting rat. 

The increases in blood sugar in the renal vein as compared with the aorta ob- 
served after evisceration and three hours after partial hepatectomy are too large per- 
centage-wise to be explained on any basis other than renal glucogenesis even though 
there probably were large reductions in blood flow — especially after evisceration. 
These increases became progressively larger after evisceration, not only percentage- 
wise, but also in terms of milligrams of sugar per 100 ml. It is also notable that the 
increase in renal vein sugar observed in the first post evisceration sample and in the 
sample taken three hours after partial hepatectomy occurred in the absence of any 
marked reduction in arterial sugar. Hypoglycemia, therefore, does not seem to be a 
factor in increasing the excesses of sugar found in the renal vein as compared with the 
aorta. 

The study on the effect of faradic stimulation in the vicinity of the renal vein 
serves to emphasize the uncertainties present concerning the probable variations in 
renal blood flow. Until these are in some way accounted for, it is impossible to in- 
terpret arteriovenous differences such as were studied in these experiments in terms 
of rates of glucogenesis. It has, however, been shown that increased concentrations 
of pyruvate, lactate, alanine, fumarate, succinate and maleate increase the carbo- 
hydrate synthesis in kidney slice preparations (18, 19). Since the blood concentra- 
tions of at least some of these rise in acute hepatic insujB&ciency, these findings sug- 
gest that there ma)'^ be an increase in renal glucogenesis after evisceration or partial 
hepatectomy. 

The lower concentration of hemoglobin in the renal vein as compared with the 
aorta can scarcely be explained on the basis of plasma skimming (20, 21) because of 
the very high rate of blood flow characteristic of the kidney. The same consideration 
also seems to exclude the renal excretion of hemoglobin from hemolyzed red cells. 
Some reports by Bingold (22) suggest that the kidney may be a special site of hemo- 
globin metabolism. This seems almost incredible as an explanation for the observed 
rate of hemoglobin disappearance in our studies is of a different order of magnitude 
from that accounted for by any other studies on hemoglobin metabolism. There re- 
mains the possibility of a sort of artificial plasma skimming due to the use of small 
bore needles in sampling as was discussed apropos the significance of the increase in 
renal vein sugar. This explanation it must be confessed also seems rather unlikely. 
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SUMMARY 

A significant increase in the blood sugar in the renal vein as compared with the 
aorta was found in the rat that had been allowed to fast for four days. This increase 
became even more marked after evisceration or partial hepatectomy. 

The hemoglobin concentration was found to be significantly lower in the renal 
vein than in the aorta. 

The authors express their appreciation to Miss Lucille Snyder for her assistance in making the 
analyses for blood sugar. 
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the kidney and nitrogen metabolism 

E. MYLON, E. R. SMITH and P. GOLDSTEIN* 

From the Laboratory oj Pathology, Yale University School of Medicine^ 

NEW HAVEN, CONNECTICUT 

C ONTRASTING results of bilateral renal artery ligation and nephrectomy 
have been reported. They involve nitrogen catabolism as indicated by the 
blood nonprotein nitrogen and include symptomatology, survival time and the 
hemorrhagic-necrotizing lesions of blood vessels and heart. Functional and struc- 
tural changes associated with tying the renal arteries are reproduced by the intra- 
venous injection of protein-containing extracts of kidney into nephrectomized dogs. 
The hypothesis follows that specific kidney substances, probably proteins or, their 
derivatives, are directly or indirectly responsible for these effects. Efforts to isolate 
such substances from autolyzed and fresh kidney of both homologous and different 
species and from other organs have been rewarding (i) and are still in progress. The 
hypothesis that the increase of nitrogen catabolism following injection of renal e.x- 
tracts might be associated with the production of toxic protein intermediates sug- 
gested a more direct approach. This involved administration of large amounts of 
protein both to animals with reduced kidney function and after bilateral nephrectomy. 
Preliminary qualitative studies were extended to include quantitative determination 
of nitrogen intake and output as well as of total urea formation. The results of this 
investigation, indicating that the kidney is involved in nitrogen metabolism, are in- 
cluded in the report that follows. 

MATERIALS AND JIETHODS 

The reduction of kidney function (2-6) was accomplished in several ways in- 
cluding ligation of branches of the renal artery, wedge or pole removal, injection of 
sodium linolenate into the renal artery and the application of heat. The first two of 
these methods require no comment; the third has been reported recently (7); only 
the last of these techniques will be described. 

The kidney is exposed through a flank incision. After the application of a 
rubher-shod clamp to the pedicle, it is placed into a specially-prepared double-walled 
rubber envelope. Two short rubber tubes serve as inlet and outlet for a flow of -water 
from a bath kept at 48°C. After 30 minutes perfusion the envelope and clamp 
are removed, the kidne}’- replaced in the abdomen and the incision closed. The 
second kidney may be removed immediately after the heating of the first or sub- 
sequently. 
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All operative procedures were carried out with aseptic technique and under 
nembutal anesthesia. Explantation of the left kidney under the skin was accom- 
plished after the method of Rhoads (8). Inulin was used for determination of 
glomerular filtration, diodrast for renal blood flow and maximal tubular excretory 
capacity and glucose for maximal tubular reabsorptive capacity (9, 10). 

The urine was collected over 24-hour periods in flasks contaified in ice-filled in- 
sulated boxes. The nitrogen was calculated for gelatin; for meat it was determined 
by the Kjeldahl method; the amount of the weighed food not consumed was recorded. , 
Each experimental period involved several days’ study of nitrogen balance on kennel 
diet, preceding the high protein feeding. Intrajejunal administration of a protein 
hydrolysate (Amigen®) was accomplished through a short midline incision, injecting 
the material into the gut with a syringe and a 15-gauge needle. This required ap- 
proximately 10 minutes. The needle was then withdrawn, the intestine replaced and 
the abdomen closed. All nitrogen determinations of urine or blood were carried out 
by the half-micro Kjeldahl method. The tungstate filtrates' of Folin-Wu (ii) were 
used for the nonprotein nitrogen and the urease-aeration method of Van Slyke el al. 
(12) for the urea determination in urine and blood. The total urea formation was 
calculated from the 24-hour urea content of the urine and from the increase in the 
plasma urea above the level of the pre-feeding period. The maximal value for the 
distribution of urea in body water, 75 per cent of the body weight, was used (see 
footnote to dog 5, table 3). 

For nephrectomized animals urea formation was calculated from the urea nitro- 
gen level of the plasma determined repeatedly after feeding. The normal increase 
in urea nitrogen in fasting nephrectomized dogs has been found to be between 2 and 
3 mgm. blood (13) per hour; a value of 2.5 mgm. per cent per hour, therefore, was 
deducted. The difference between the urea N value after feeding and after fasting was 
the basis for the calculation of the total urea-N formation. The plasma amino 
nitrogen was determined according to the method of Frame, Russell and Wilhelmi 

(14, 15)- 


RESULTS 

Nitrogen bala 7 ice in norjfial dogs. In one five- and one three-day period of hea'V}'^ 
meat feeding, normal dogs i and 2 established an almost complete nitrogen equilib- 
rium within 24 hours. This prompt adjustment has long been known (16). 

Nitrogen balance in dogs with reduced kidney Jwiction. The results of 10 feeding 
experiments performed on 9 dogs with reduced kidney function follow. 

Dog 3. Removal of the right kidney, five days after the application of heat to 
the left, was followed by a transient anuria and marked elevation of the blood NPN. 
After two weeks these signs of acute kidney insufficiency subsided. The damage to 
the left kidney was permanent as evidenced three months later by polyuria and great 
rises in NPN, following hea-vy meat or gelatin feeding. Clearance determination at 
such time showed a reduction of kidney function to 20 per cent of normal. Despite 
the low clearance the dog did not seem ill, ate kennel food regularly and did not lose 


* Mead, Johnson & Co. Evansville, Indiana. 
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vfeigkt. Two mtrogen metabolism studies, with an interval of two weeks, were car- 
ried out nine months after heating the left kidney. The result of the first follows. 
The N-intake in 6 days was 146.5 grams, urea-N in urine in six days was 60.41 grams, 
and urea-N in body fluid was 0.3 gram. The percentage of the N-intake not trans- 
formed into urea was 58.5. The second study is tabulated below : 

Dog 4. Heating the left kidney and removal of the right reduced renal function 
to 35 per cent after four months. Four operative procedures at intervals of one 
month, involving three successive branch ligations of the renal arteiy and amputation 
of both poles of the kidney, were required to reduce kidney function to 20 per cent. 
The animal remained very lively, ate kennel food regularly and maintained its weight. 
The results of a four-day feeding experiment with a gelatin hydrolysate four months 
after the last operation are contained in table 2. 


Table 1. High meat ingestion and nitrogen metabolism in a dog 
WITH reduced kidney FUNCTION 


Doe s 

Diet 

1 


Urine 


Blood NPN 

Total N 

Urea-N 

Amount 

1 

t 

Days 

0~1 1 

Kennel diet | 

3-349 

3.03s gm. 

79 ml. 

34.2 mgm.% 

1-2 ' 

Boiled meat 2 lbs = 

13-27 

lo.Sig 

750 

128.8 

i 

2-3 1 

28.5 gm. N. 

1 

18. i 

16.07 

1035 

127.7 

3-4 


16.71 i 

14-954 

1010 ! 

138.9 

4-5 


16.22 

14-525 

860 

120 

5-6 


13-99 i 

I2.0p4 

748 

153 

6-7 


18.5 1 

16.66 

1000 

114 

7-8 

Kennel diet ' 

5-89 ‘ 

5-35 

275 ' 

22 


N intake in 7 days was 174-35 grams; urea-N in urine in 7 days was po.472 grains; urea-N in 
body fluid, 0 ; N not transformed into urea, 48.1%. 


Dog 5. Renal function was reduced to 18 per cent of the normal by removal of 
the right kidney, heating the left and branch ligation of the renal artery. Despite 
persistent elevation of the blood NPN (70-75 mgm. per cent) during the four months 
after the last operation, the animal was lively and maintained its weight. 

A three-day feeding of hydrolyzed gelatin was then carried out. The results 
follow. 

Dog 6. Right nephrectomy, heating of the left kidney and final ligation of renal 
artery branches reduced the kidney function to 18 per cent. This was reflected in the 
permanent elevation of the blood NPN (92 to 150 mgm. per cent). The animal 
nevertheless appeared perfectly healthy, was especially lively and regularly ate the 
usual amount of kennel food. Two months after the last operation a meat-feeding 
experiment was undertaken, with the following results. The nitrogen intake in 
three days was 85.5 grams, the urea excretion, 37.351 grams and the urea-N contained 
m body fluid, 18. r grams^• 35.1 per cent of the nitrogen intake was not transformed 


® See footnote to dog 5 . 
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Proffered meat was eaten rapidly on the first and second days. On the third, 
a much longer time was required, and all food was rejected thereafter. There was 
slight vomiting on the fifth day with evident and progressive apathy. Anuria and 
a blood NPN of 457 mgm. per cent on the sixth day were shortly followed by death. 


Table 2. High gelatine ingestion and nitrogen metabolism in a dog 


WITH REDUCED KIDNEY EDNCTION 


Dos ‘1 

Diet 


Urine 


Blood NPN 


Total N 

Urca-N 

Amount 

Days 






0 

Kennel diel 

5.285 gm. 

3.70 gm. 

775 ml. 

40.6 mgm.% 

I 

90 gm. gelatin; tr3’p- 
tic h3'drolysate 16 
gm. N. 

9-97 

8.410 

690 

89 

2 

180 gm. gelatin; tr3’p- 
tic hydrob’satc 32 
gm. N. 

16.12 

13-765 

H 

00 

0 

128 

3 


13-23 

13-194 

885 

132.7 

4 

90 gm gelatin; tr3'p- 
tic hydrolysate 16 
gm. 

10.53 

8.863 

720 

132.0 


N intake in 4 days was 96,0 grams; urea-N in urine in 4 days, 44.23 grams; urea-N in body 
fluid, 6.12 grams; total urea-N, SO '33 grams; N not transformed into urea, 47.55%. 


Table 3. High gelatine ingestion and nitrogen metabolism in a dog 
WITH reduced kidney eunction 


Dog 5 

! 

N Intake 

Urine 

1 

Blood NPN 


Urea-N 

Amount 

___ 

Days 






0 

3.6 gm. 

3.0 gm. 


400 ml. 

73 mgm.% 

I 

26 1 

14.2 


1340 

201 

2 

26 

12,1 


1456 

242 

3 

26 

12.4 


I2ijO 

2131 

4 

— 

— 


300 

370 


Total N intake, 78 grams; urea-N excreted, 38.7 grams; urea-N in body fluid, 10.5 grams; 
total urea-N, 49.2 grams; N not transformed into urea, 37%. The dog died on the fifth day. 

' The calculation for urea-N in body water is based on the assumption that total body 
equals '75% of the bodj’ weight. Lower values reported for distribution of urea in body water would 
increase the percentage of nitrogen not transformed into urea, (17, 18). 


In subsequent experiments, the three days’ heavy protein diet was reduced 
to two. 

Repeated ligation of renal artery branches and excision of kidney tissue reduced 
clearances to 20, 24, 19, and 21 per cent of normal, respectively, for dogs 7, 8 , p and 
10. They remained in excellent condition. Extensive damage to the renal epithe- 
lium was produced in no. ii by injection of sodium linolenate into the renal artery. 
The dog remained in a suburemic state for three weeks (NPNs between 112 to 196 
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mgm. per cent). Kidney damage was evident from the then persistent elevation of 

the NPN (66-78 mgm. per cent). ^ _ 

The results of two-day meat feeding of dogs 7, 8, p, 10 and ii carried out from 
four to seven months after stabilization of their renal function are tabulated in table 

4. 

Nitrogen balance in nephrectomized dogs. To reduce the shock of operation and 
resulting loss of appetite the usual one-stage operative procedure under nembutal 
anesthesia was abandoned. Right nephrectomy and explantation of the left under 
the sldn was followed in about 10 days by the removal of the left kidney. This was 
accomplished expeditiously with the aid of local anesthesia. All three animals ate 
offered meat inunediately after operation and two of the three ate a second portion ' 
three hours later. Calculations of urea formation were based upon values of blood 
urea determined 30, 48 and 72 hours after nephrectomy. 

The marked impairment of urea formation demonstrated in the three nephrec- 
tomized dogs after meat-feeding confirms the similar observations on dogs with re- 
duced kidney function. Figure i represents a survey of the results so far obtained. 


Table 4. High meat ingestion and nitrogen metabolism in five dogs 

WITH REDUCED KIDNEY EUNCTION 


Dog 

[ N intake 

Total urca-N formation 

Percentage of N not trans- 
formed into urea 

7 

57.0 gm. 

39.71 gm. 

30-4 

8 

S7-0 

43.81 

• 23.2 

9 

57-0 

37-6 

34-1 

10 

S7-0 

39-6 

30-6 

” I 

j S7-0 

32.3 

43-4 


The three dogs exhibited toxic symptoms as early as six to eight hours after feeding, 
as exemplified by loss of appetite, weakness and listlessness that went on to coma. 

Similar toxic S3miptoms following meat feeding were present also in the dogs 
with reduced kidney function. They persisted for days after the cessation of the 
experiment, even when there was ultimate recovery, and were progressively more 
severe until death in dogs 5 and 6. There can be little question concerning the rela- 
tion of meat ingestion and toxic symptoms and it would seem that these can be at- 
tributed to inadequate protein catabolism and accumulation of intermediates. If 
this interpretation can be substantiated, a link will have been supplied with several 
recently uncovered facts. These pertain to the potentiation of epinephrine by par- 
ticular protein intermediates (19) and also possibly to the vascular lesions recent!}’- 
produced with allylamine (20). 


^ Toxic ejects of intrajejunalfeedvig of a protein hydrolysate to nephrectomized dogs. 
Amigen was used to ascertain the significance of protein split-products independent 
of the effects of the potassium content of meat. It was given by direct intrajejunal 
injection m amounts corresponding to the protein content of one and one half to two 
pounds of meat. The reaction of six normal and six nephrectomized dogs to large 
amounts of .Amigen (10 to 17 gm/kgm.) differed strikingly. This mixture of amino 
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acids and peptides, only transiently and insignificantly toxic for normal dogs, proved 
to be harmful for nephrectomized animals. They rapidly developed coma that per- 
sisted until death. Tlie survival times of 17 to 40 hours compared unfavorably with 
the average of 100 hours for fasting, nephrectomized dogs. 


Table 5. Urea eorm/Vtion in three nephrectomized dogs aeter 

INGESTION OF HEAVY MEAT MEALS 


Dos no. 

N intake 

1 

iJlood withdrawn 
after feeding 

N-values 

Percentage of X 
not transformed 
into urea 

Blood urea-N 

Total urea X 
formed 

12 

i 

49.87 gm. 

30 hrs. 

220 mgm.% 

16.24 gm. 

67-5 



48 

283 

20.00 

59-7 

i 


72 

291 

16.34 

67-3 


22.0 

30 

243-7 

10.20 

53-7 



' 48 

277 

11.02 

50.0 



1 y. 

336 

12.28 

1 

55-8 

14 

42-75 

30 

17s 

10.13 

76,4 



48 

i 230 

II. 4 

76-3 



72 

256.2 

30.10 

73-4 


See footnote to dog 5 . 



Fig. I. Comparison of nitrogen metabolism of dogs with normal, reduced and eliminated 
renal function. 

Not more than 10 per cent of all the ingested amigen could be recovered from the 
urine of the normal dogs, in successive coUections extending over the few hours such 
animals displayed symptoms; their resistance therefore cannot be attributed to renal 
excretory function. 
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The observed effects were assumed to be caused either by all or by one or more 
of the specific components of the amigen. Accordingly it was planned to substitute 
individual amino acids for the protein hydrolysate. This has now been accomplished 
with glycine, chosen on the basis of the relation of its metabolism to kidney tissue 
(21, 22). 

Table 6 shows the results of glycine feeding in four normal and six nephrec- 
tomized dogs: four of the six nephrecto raized dogs died within one and one half hours 
after the administration of glycine. In the sixth, the expected survival time was 
halved and in the fifth it was reduced by one third. Nitrogen determinations in the 
urine of the normal dogs indicated the excretion of less than 10 per cent of the intro- 
duced glycine during four hours after feeding. 

The level of plasma amino nitrogen, as can be seen in table 6, does not seem to be 


Table 6. Restjlts of glycine feeding to normal and to nephrectomized dogs 





Plasma Amino-N: hours after feeding j 



No. 

Glycine 






Surv. Time 




0 hr. 

1 hr. 

2 hr. 




Normal dogs 

26 


5-6 

39-8 

52.8 

14.6 

8.6 

Lived 


27 

5 

5-5 

30.6 

28.1 

8.1 

6.6 

H 


28 

5 

6.0 

39-1 

27.8 

9.1 

6,2 

ce 



2 -S 

4-7 

38.0 

26.3 

8.1 


(( 

Nephrectomized dogs 

30 

5 

10.4* 

46 




I hr. 


31 

5 

8 . 3 *i 

42 




hr. 


32 

S 

6.0 j 





f hr. 


33 

2-5 

5.85 

57-7 




I hr. 


34 

2.5 

4.5 ! 

28.0 

18.5 

5-7 


4 days 


35 

2-5 

12.7* 

48.4 

49-3 

23 

19 

2f days 


* Feeding time, i.e., ‘o hour’ was 24 hours after nephrectomy in dogs 30 , 31 and 35 . Their 
plasma amino-N before nephrectomy was 4.5, 5 and 5.25 mgm. %. 


related to the mechanism of the toxicity of glycine for nephrectomized dogs. Its 
harmlessness for normal dogs, even though only a small fraction appears in the urine, 
suggests a possible detoxifying, metabolic function for the renal tissue. Further 
studies with other amino acids are planned. 


DISCUSSION 


Urea formation and elimination of nitrogen in an adult, healthy, well nourished 
animal corresponds closely to the nitrogen intake. When the normal diet of such 
animals is supplemented with large quantities of protein, nitrogen equilibrium is re- 
stored within 36 hours (23). Significant positive nitrogen balance with adequate 
protein intake occurs under special conditions, including growth, protracted under- 
nounshment and marked and prolonged increase in muscular activity (24). 

Advances in endocrmologj^ involving particularly the anterior pituitary, adrenal 
pancreas and gonads have provided a new approach to problems of nitrogen metab- 
olism. Antenor pituitary extracts containing the growth hormone increase the 
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anabolism of nitrogen in normal animals (25, 26, 27). After nephrectomy,, this is 
reflected by a decrease in the blood nonprotein nitrogen (28). The growth hormone 
containing factor of the anterior pituitai3'' further augments the significant nitrogen 
retention that follows adrenalectomy (29). Nitrogen retention has recently been 
shown to follow administration of androgens (30) . The fact that the anabolic action 
of anterior pituitary is only demonstrated in the presence of adequate amounts of 
insulin (31,32) emphasizes the importance of this hormone in nitrogen metabolism. 

Several of the examples of anabolic stimulation so far cited represent protein 
synthesis as demonstrated by analysis of the carcass (33, 34), Other possibilities 
must be considered for positive nitrogen balance presented in this report, including 
the results of high nitrogen intake by animals with reduced or eliminated renal sub- 
stance. Reduction in urea formation as demonstrated by these animals may rep- 
resent incomplete nitrogen catabolism with accumulation of intermediates that the 
organism is incapable of carrying to the usual non-toxic end product. Such a hypoth- 
esis would support the possibility that protein intermediates are causatively asso- 
ciated with the toxic symptomatology these animals manifest. It will be recalled 
that damaging influences of high protein diets on rats with their renal function 
reduced by amputation (36) or nasugi nephritis (37) have been reported previously. 
The hypotheses also are in keeping with two recently demonstrated facts re- 
ferred to earlier in this report; the production witli allylamine of lesions of 
the heart and blood vessels, indistinguishable from those that follow renal artery li- 
gation in animals and those associated with malignant nephrosclerosis in man (20), 
and the dependence of the potentiation of epinephrine upon specific protein inter- 
mediates (19). 

It has been shown that the well-known transformation of citruUine to arginine 
by the liver (35) is duplicated by the kidney (21). This suggests the possibility of 
complementary action by these two organs under the stress of increased nitrogen 
catabohsm. With impaired or eliminated kidney function, the availability of argi- 
nine to the liver for ornithin formation may not be adequate and tliis may be expressed 
by acceleration of the urea cycle as demonstrated by liver arginase activity. Evi- 
dence so far obtained is consistent with this hypothesis. 

SUMMARY 

Dogs with kidney function reduced to 17 to 24 per cent of normal remained in 
good health and maintained their weight for many months on kennel food despite a 
constant elevation in blood nonprotein nitrogen. Replacement of kennel food by a 
diet rich in meat or protein for two to six days resulted in 30 to 55 per cent urea nitro- 
gen formation below the nitrogen intake. This deficiency in urea formation was still 
more marked, 50 to 76 per cent of the nitrogen intake, in nephrectomized dogs on 
protein rich diet. Marked signs of toxicity followed ingestion of the high protein 
diet in nephrectomized animals and those with reduced renal function. Intrajejunal 
administration of amigen in normal dogs, in amounts corresponding to a high protein 
diet, was followed by transient mild toxic symptoms; the same procedure resulted m 
significant reduction in the survival time of nephrectomized animals. When glycine 



April jp4S 


KIDNEY AND N METABOLISM 


63 


replaced intrajejunal administration of amigen, differences in the response of normal 
and nephrectomized animals were even more pronounced. 

Technical assistance was given by Miss Helen Criscuolo, Mr. Edward lannucci, and Mr. Peter 
Integlia. 
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FLUID SHIFTS DURING EXPOSURE TO ACCELERATIONS: 
RAPID LOCAL CHANGES UNDER NEGATRT: G^ 

FLOYD STAUFFER 2 and CHESTER HYMAN 

From the Departments of Aviation Medicine and Physiology, University of Southern California 

Medical School 

LOS ANGELES, CALIFORNIA 

T he filtration of fluid from tlie circulation under conditions of increased 
intravascular pressure has been a consistent finding by many workers. In 
man the cliangc from a reclming to a standing posture causes a significant 
increase in the intravascular pressure in the legs (i). This in turn leads to an 
increase in leg volume, which is due in part to Uie accumulation of interstitial fluid 
(2-4). The accumulation of fluid is accompanied by a significant hemoconcen- 
tration of the venous blood draining tlie legs (5). The total fluid shift is of suflici- 
ent magnitude to cause a measurable hemoconcentration of tlie entire blood volume 
(6, 7). A similar shift of fluid from tlie blood to tlie tissue spaces results from 
venous occlusion, even at low venous pressures (8, 9, 4). Several recent studies 
(10-12) demonstrate a simultaneous increase in botli tlie arterial and venous pres- 
sures in the stressed end of animals exposed to radial acceleration. There should 
tlierefore be an increased hydrostatic pressure within tlie capillaries, and an outward 
filtration of fluid would be expected. 

A small but easily measurable fluid loss from the circulation of men exposed to 
‘positive g’ for periods of 3-5 minutes has been reported. In tliese studies the fluid 
loss was determined from the increased hematocrit of blood samples taken from tlie 
veins of the subject’s arm (13). Dogs show a much larger fluid loss after 6.2 g for 
1-5 minutes (14). 

More recently at this laboratory gross evidence of filtration has been demon- 
strated during the autopsy of animals subjected to negative g. The significant find- 
ings have included i) tongue swollen, edematous and extruding from the oral cavity; 

2) ears thick, turgid and tending to lose their cartilaginous and venous markings; 

3) mucosal surfaces of the larynx edematous, frequently causing strangulation; and 

4) loose tissues of the face and neck markedly edematous. We obtained more direct 
indications of a shift of fluid from the intra- to the extra-vascular compartment, dur- 
ing negative g, from occasional hematocrit and plasma protein determinations on the 
blood of animals primarily under investigation for other effects of acceleration. As 
animals subjected to consecutive exposures to negative g gave results which were 
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irregular and at times conflicting, present studies have been limited to the fluid shifts 
from a single exposure. 

METHODS 

Twelve experiments were performed on 6 rabbits {experiments 1-6) and on 5 goats {expenvienis 
7-12). Nembutal anesthesia was employed in all cases except for the first 3 rabbits. In these no 
anesthesia was considered necessary, as sampling was from the ear veins. 

All animals were exposed to acceleration on the ‘human centrifuge’ of the Department of 
Aviation Medicine at the University of Southern California. The effective radius of the centrifuge 
arm at the animal position varied from 13 to 15 feet, and the required g (t g = acceleration of gravity) 
was attained by varying the speed of rotation. Under g the effective weight of all tissues increases by 
the multiple of the g force applied. The experiments ivere conducted with the long axis of the animal 
parallel to the radius of the centrifuge and the head of the animal directed toward the periphery 


Table i 
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MAGNI- 

TUDE 
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BLOOD SOURCE 

HEMATOCRIT 

PLASMA PROTEIN 
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LOSS 

cc/100 
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BLOOD 

Pr 

PROTEIN 
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Gm/IOO 

CC 
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(pro- 

tein) 

gm /100 

cc 

fil- 

trate 

t 

max. 

(sec.) 
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mum 

as% 

of 

con- 

trol 
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aRer 
5 ' as 
%of 
con- 
trol 

t 

max. 

(sec.) 
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mum 
as % 
of 

con- 

trol 

Level 

after 

S ’ as 
%of 
con- 
trol 

R14 

-8 

ear vein 

82^ 

109.3 

99-4 

82' 

105.9 

98.4 

8-5 

•39 

4.6 

Rts 

-8 

(i 

78* 

109.0 

102 .9 

781 

105.4 

99-4 

7-5 

.27 

3-6 


-5 

H 

241 

lOI .7 

100.2 

56* 

lOI .4 

97.2 

1-7 

.04 

2.4 

R17 

-5 

common jugular 

691 

105.6 

99.2 

69* 

102 .8 

100.0 

5-3 

• 23 

4-3 


-s 


146 

108.9 

105.0 

138 

95-8 

92.0 

8.2 

.67 

8.2 

R20 

-5 

« 

S 9 ‘ 

105.8 


laal 

105.4 


S-S 

• 14 

2-5 

GL3 

-s 

<( 

80 

II8.8 

no. 4 

80 

102.5 

lOl ,I 

15-8 

.98 

6.2 

GL4 

-5 

<< 

48 ‘ 

118. 5 

no. 5 

48^ 

106.3 

99.6 

iS-6 

•95 

6.1 

GLs 

-5 

a 

92 

128.0 

107.6 

92 

109.9 

99 -S 

21 .9 

1.26 

5.8 

GL7 

-5 


120 

109. I 

97-4 

120 

100.4 

97.2 

8.4 

.70 

8.3 

GSi 

-5 

u 

90 

122 .0 

I21 ,4 

60 

113-5 

108.2 

i8.o 

1 .07 

S -9 

GSi(2) 

-s 


25' 

112.3 

100.0 

45 

no. 3 

lOI.I 

10.9 

.67 

6.1 

Goat Averages 


76 

118 

108 

74 

107 

lOI 

iS-i 

•94 

6.4 


* First post-run sample obtained. 


(negative g in that the accelerative force acts in the axis from head to feet). Experiments 1 and 2 
(see table i) were run at — 8 g. The findings of petechiae and frank hemorrhages indicated that this 
force was too great to permit study of fluid shifts without the complicating factors of gross vascular 
injury and blood loss. Therefore, all subsequent experiments were run at — 5 g. The duration of 
exposure at peak g was 30 seconds for the rabbits and 15 seconds for the goats, giving a stress of 4.0 
and 2,5 g minutes to the tivo rabbit groups and 1,25 g minutes to the goats. 

In all experiments a control blood sample was taken before the animal was exposed to acceler- 
ation. The post-run samples were obtained from the same vessels as were the controls, as soon after 
the run as venapuncture could be accomplished. The lime interval from the stopping of the centri- 
fuge was noted for each sample. To expedite the post-run sampling, a single puncture was made and 
successive samples were taken through the same needle into fresh 2 cc. s}'ringes moistened with a 
mimmum amount of heparin. The blood samples were transferred to Wintrobe hematocrit tubes and 
centrifuged for 30 minutes at 3000 r.p.m. Following' the determination of hematocrit values the 
supernatant plasma was pipetted off and used for protein determination by the falling-drop 
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The locations for sampling were veins in or draining that portion of the animal subjected to 
max-imum force (in the case of the negative g, the head end). In cxpcrhncnls i, 2 and j ear veins were 
used. The restricted circulation in the ear, however, made for difficulty in obtaining rapid samples 
and introduced other unnecessary errors. Therefore subsequent sampling was from the jugular vein. 

The change to goats as experimental animals was prompted for several reasons, related primarily 
to the size and weight of the animal. One was the case of obtaining puncture samples from the 
jugular vein. Also the large total blood volume minimized the hemorrhagic effects and thus con- 
tributed to greater accuraejx Furthermore, the presence of many other easilj' available vessels 
throughout the body makes possible comparative studies on the resultant filtrations from variously 
affected portions of the animal. 

The goat in experiment ii was re-used one week later for experiment i2. During experiment ii 
the animal lost much fluid as a result of salivation and emesis which are common with goats under 
nembutal anesthesia and negative g. During the interval week, although there was no indication of 



Fig. I. Hematocrit and plasma protein concentration curves aeter exposure of rabbit 

TO — 5 G for 15 seconds. 

Fig. 2. Hematocrit and PLASiiA protein concentration curves after exposure of goat 
to — S G for 30 seconds. 

local inf ection from the vessel exposures, th e animal apparently failed to restore its normal hydration. 
It died one hour after the run of experiment 12 in respiratory failure. The other animals were used 
for acute studies on other problems after the experiments here reported had been concluded. 

CALCULATIONS AND RESULTS 

The results of these experiments suggest that high g forces lead to an extreme 
but transient concentration of both erytlirocytes and plasma proteins. Calculations 
based on the data obtained suggest that the fluid loss is accompanied by an increased 
permeability of the vascular wall to proteins. Altliough the data may not yet be 
considered quantitatively accurate, they are sufficiently consistent to permit quahta- 
tive summary. The significant data are presented in table i as follows. The time 
given is the number of seconds between the end of the run and the time at which the 
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maximum hematocrit and plasma protein ratios were noted. Hematocrit and plasma 
protein concentrations are expressed as per cent of the control values. Their ratios 
at maximum concentration and five minutes after tire runs are given . The maximum 
values were attained m tlie goats in about i-ik minutes after tlie end of the run . In 
some cases the maximum values noted were also tlie first samples taken after the run 
(see fig. i). With improved technique a sufficierit number of points has been ob- 
tained on the ascending portion of the curve to justify the conclusion that jugular 
blood samples show increasing concentration for a short period after tlie run and then 
become more dilute (see fig. 2) . The average of six experiments on goat jugular-vein 
blood showed a hematocrit peak of 118 per cent of the control and a plasma protein 
peak of 107 per cent. 

Plasma protein peaks occurred at about the same time as do tliose of the hemato- 
crit, but were not as high. The return of plasma protein concentration to the normal 
control levels was more rapid than in the case of the hematocrit and in some experi- 
ments the values at five minutes were significantly below the pre-run levels. 

At the same imposed g force, rabbits showed lesser tendency to concentrate tlian 
did goats. Rabbits showed a tendency to concentrate more when run at high g 
forces, e.g., -8 g as against — 5 g. 

Included in this table are estimates of the amount of fluid lost and the amount 
of protein lost per 100 cc. original blood, as calculated for the control and peak data, 
according to Landis’ equation (8). A ratio of these two figures gives the protein 
concentration of the filtrate. This averages, in the goats, to 6.3 grams per cent or 
82 per cent of the original plasma concentration. 

DISCUSSION 

Accordmg to the classic Starling hypothesis (16), an increase in the intravascular 
hydrostatic pressure, all other factors remaining constant, should result in an in- 
creased filtration of fluid from the circulation. Abundant evidence exists of decreases 
in the circulating blood volume or local hemoconcentration under conditions of gen- 
eralized and local increases in venous and capillary hydrostatic pressures. In many 
cases the kinetics of fluid transfer has been studied and found to conform to the gen- 
eral requirements of the hypothesis (9, 17). The accumulation of fluid in the extra- 
vascular tissue spaces tends to increase the tissue pressure, and thus serves to di- 
minish further fluid loss (18-20). 

Under conditions of negative g tlie effective hydrostatic pressure in the capillaries 
of the head must be significantly above normal. Of the other factors involved in 
regulating tlie rate of fluid transfer across the capillary wall, only the tissue pressure 
might show rapid changes. Since it is unlikely that there is a continuous column of 
fluid in tlie tissues with dimensions similar to the vascular column, an increase in the 
tissue pressure of sufficient magnitude to off-set the change in the intravascular pres- 
sure seems improbable. The changes in tissue pressure appear to result indirectly 
from the postural changes, and follow slowly the changes in venous pressure (21). 
The increase in colloid osmotic pressure of tlie plasma which results from the early 
loss of fluid from the blood becomes relatively unimportant during the period of 
stress 111 the light of the marked protein leakage across the vascular wall. This same 
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protein leakage would tend to minimize the effect of changes in tire colloid osmotic 
pressure of the tissue fluid. The net effect of negative g on fluid balance should, 
therefore, favor rapid outward filtration in the stressed areas. 

Under negative g samples taken from the common jugular vein afford a fairly 
accurate sampling of the blood draining the area which lias been subjected to maxi- 
mum stress. An estimate of the effective hydrostatic pressure in the stressed areas 
may be made from figures given m table 2. The data are taken from Lombard (12) 
and represent the values of carotid and jugular pressures during the run for which 
the hemoconcentration data are here reported. In most cases the calculated arterio- 
venous pressure difference is less during the run than in the same animal before or 
after. This lowered pressure difference would suggest stagnation, or at least di- 
minished blood flow in the head. 


Table 2 

Vascular pressures in mm. Mercury 




1 BEFORE 

1 ACCF.LERA- 
j TION* 
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-3 
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94 
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133 
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lOI 1 

239 

244 

243 
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lOI 

IIO 

Goat 7 

Jugular 

37 j 

160 

183 

190 

190 

61 

60 


Difference 

64 j 

79 

61 

S 3 

so 

40 

50 


^ Point at which centrifuge has attained constant speed. 


The marked hemoconcentration observed in these experiments is, therefore, 
consistent with the theoretical considerations, but the apparent tendency for hemo- 
concentration to continue for a short time after the stress has been terminated (see 
fig. 2) requires further explanation. As one possibility, we suggest that since the 
blood taken from the jugular vein was a mixed sample of the blood draining the en- 
tire head, it may be that the early samples represented blood from regions where 
stasis and deranged circulation had not been maximal. Later samples may include 
, blood from regions where the stagnation and fluid loss had been more marked. ^ If 
this suggestion is tenable, the time from termination of the run to peak concentration 
(minus tlie normal circulation time in the head) should be an index of the time re- 
quired for the restoration of the local circulation. The time to peak concentration 
for both the hematocrit and plasma proteins should be about the same. These con- 
ditions are satisfied in the current experiments. 
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The fall of the curve, or hemodilution, may not be solely the result of the mixing 
of local blood with the general circulation. With the cessation of the stress, the 
intravascular hydrostatic pressure falls (table 2). This may leave a tissue hydro- 
static pressure in excess of that within the capillaries so that water will move inward 
diluting both protein and erythrocytes. 

Although the fall in concentration for these reasons should be, and was, quite 
rapid, the final equilibrium value cannot be predicted. A major factor in the deter- 
mination of the final concentration of cells and proteins is the ratio between the vol- 
ume of fluid lost and the total circulating blood volume. The fluid loss in turn is 
here dependent upon several factors. The difference between the intravascular and 
tissue pressure is determined by both the magnitude of g and the height of the effec- 
tive hydrostatic column. The counterpressure of tissue fluids may rapidly become 
high in those regions bounded by water-restraining barriers (e.g., muscle sheaths, the 
cranium) while in looser areas (e.g., those of the face and neck) only minimal counter- 
pressures will develop (21). In addition, the equilibrium level may possibly be 
modified by the drainage of the larger abdominal and thoracic lymphatic cliannels 
during the exposure to negative g. The relative importance of these factors must 
await further experimentation. 

The discrepancy between the degree of hemoconcentration and plasma protein 
concentration was considered to be a qualitative indication of protein leakage. The 
occasional petechiae and frank hemorrhages observed in tlie stressed areas demon- 
strated that the force involved could cause vascular rupture. In non-hemorrhagic 
areas, the same stress might cause sufficient capillary distension to permit protein 
leakage while preventing, for the most part, the escape of red cells. The protein loss 
is probably due to mechanical rather than anoxic factors, since the stagnation is of 
relatively short duration. Capillary walls do not become permeable to protein as a 
result of anoxia unless the vascular oxygen saturation has been 15-25 per cent or less 
for ‘several minutes’ (22). On the other hand, Landis has shown that simple venous 
occlusion of the human arm at 80 mm. Hg leads to sufficient capillary distention to 
give 1.5 per cent protein in the filtrate (8). In these experiments, with the high 
venous and arterial pressures, the capillary pressure somewhere between these two 
will average at least twice 80 mm. Hg. The mechanical distention should thus be 
sufficient to allow great protein leakage and an average of 6.3 per cent protein in the 
filtrate is not an unreasonable figure. Significant protein concentrations in the 
filtrate from the circulation of men exposed to positive g have been reported (13). 

In order to calculate the absolute volume of fluid accumulated in the stressed 
area, it would be necessary to know the rate of blood flow through that area. Never- 
theless, tlie rapidity with which these changes of concentrations take place and their 
brief duration is striking. These experiments may be taken as further evidence of 
the ease and rapidity with which fluid may be transferred across the vascular wall 
• under the influence of purely hydrostatic factors. 

SUMMARY 

I. The increased intravascular pressures developed during exposure to increased 
acceleration caused a rapid and significant outward filtration of fluid from the circu- 
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2. Blood returning from the head end of goats after, exposure to negative g 
showed a siiort, rapid concentrating phase, followed by a somewhat slower phase of 
dilution, with respect to both hematocrit and plasma protein concentrations. 

3. At peak concentration there was evidence of significant leakage of protein 
from the circulation, as calculated from the hematocrit and plasma protein values. 

4. Several mechanisms involved in the fluid, loss and protein leakage are dis- 
cussed. 

We take this opjjorlunity to acknowledge the interest and suggestions of Doctors D. R. Drury 
and C. F. Lombard in the formulation of the problem and the conduction of the experiments. Mr. 
T. M. Badgely rendered valuable technical assistance. 
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SEQUENTIAL CHANGES IN OXYGEN CONSUMPTION DURING 
OLIGEMIC AND NORMOVOLEMIC SHOCK 
AND THEIR MEANING 

ROBERT S. POST, PAUL H. VISSCHER and CARL J. WIGGERS 
From the Department of Physiology, Western Reserve University Medical School 

CLEVELAND, OHIO 

T he impression is widespread that oxygen consumption — and by inference 
metabolic rate— is decreased substantially in states of shock. A review of the 
limited number of studies made in indubitable states of shock makes it ques- 
tionable whether the reduction in oxygen consumption noted is due to intrinsic 
disturbances of cellular metabolism or whetlier it is secondary to concomitant changes 
in the circu ation and respiration. 

A number of investigators, including Murlin and Greer (i), Gesell et al. (2), 
Schlomovitz and associates (3), Blalock (4) and Gollwitzer-Meier (5), have reported 
variable effects of bleeding on oxygen uptake. Among those who found reduction 
in o.xygen consumption, no agreement appears to exist as to whether this is condi- 
■ tioned largely by the decline of blood pressure or by intrinsic changes in cellular 
metabolism. It is improbable that a state of shock existed in any of the experiments 
reported by the investigators mentioned. 

Aub (6) reported a reduction in oxj'^gen consumption in traumatized cats that 
were considered to be in states of shock when arterial pressure was reduced to 70 
mm. Hg or less. ‘The possibility that reduced oxygen uptake was occasioned by low 
arterial pressure was discussed but dismissed on rather meager evidence. Con- 
firmatory results indicating that both oxygen consumption and basal metabolism 
are reduced in shock have been reported by Davis (7), Price (8), and Tabor and 
Rosenthal (9). In tabulations recently presented by Root, Walcott and Gregersen 
(10), a correspondence seems to exist between oxygen consumption and the degree 
to which cardiac output is reduced during states of traumatic shock. 

In 1942 a method was devised in this laboratory whereby standardized hemor- 
rhagic shock could be produced in dogs (ii). This procedure has proved to be 
particularly suitable for a study of the d3mamics of the heart and circulation. In 
order to round out tire picture it was desirable to know whether irreversibility of the 
circulation thus induced is accompanied by reduced capacity of tissue cells generally 
to utilize oxygen. A study of this question was undertaken in this department by 
Green and Brofman in 1942, but this work was unfortunately interrupted. Their 
findings were reported briefly in a preliminary communication (12) and in greater 
detail in a master’s thesis by Brofman (13). Dogs were bled in a graded manner, 
Usually 50 cc. of blood was withdrawn at 30-minute intervals until arterial pressure 
had declined to 40 or 50 mm. Hg. When this pressure was no longer maintained, it 
was supp orted by remfusion of small quantities of blood until 25 per cent of the 
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hemorrhage volume had been returned. At this time the remaining volume of with- 
d^a^vn blood was reinfused and circulatory failure followed rapidly. They found 
that oxygen consumption usually increased witli each witlidrawal of blood until 
mean arterial pressure fell to approximately 8o mm. Hg. At low pressure levels 
oxygen consumption decreased between 30 and 50 per cent. After reinfusion, oxygen 
uptake rose above control values until tlie arterial pressure again declined below 80 
mm. Hg, after which it again decreased progressively. These investigators realized 
that changes in oxygen consumption are not wholly due to alterations in cellular 
metabolism but are complicated by the opposing effects of low arterial pressure and 
augmented respiration. In attempts to exclude everything except tlie cellular 
mechanisms, Green and Brofman devised elaborate and clever procedures in the hope 
that the effects of low arterial pressure and coincident dyspnea might be excluded. 
These attempts were not considered sufficiently successful to warrant statements 
regarding basic changes in cellular metabolism during shock. Consequently, they, 
perhaps wisely, refrained from published attempts to assess the relative interrela- 
tions between alterations in oxygen consumption and basal metabolic rate during 
shock. 

In this investigation an effort was made to approadi the problem from a different 
angle. It should be recalled that our procedure induces an irreversible circulator)'^ 
state by maintaining a drastic postlremorrhagic hypotension for a stated interval of 
time, after whicli tlie blood volume is restored by reinjection of all the withdrawal 
blood. Various groups in this department have found tliat betw'een 75 and 100 per 
cent of animals thus treated develop circulatory failure despite restoration of an 
essentially normal volume of blood. If the capacity of cells to utilize oxygen is 
basically damaged during the period of drastic hypotension during w'hich circulatoiy 
irreversibility develops, it might be anticipated tliat such animals will continue to 
display a reduction in oxygen consumption after the circulating volume, cardiac 
output and arterial pressure have been restored to normal by reinfusion of blood. 

METHODS 

Dogs were anesthetized with morphine and sodium barbital, with sodium barbital alone, or 
with pentobarbital, all in biologically standardized doses. In other words, just sufficient amounts 
of these anesthetics -were administered intravenously to produce a light but adequate and durable 
anesthesia. Oxygen consumption was recorded continuously by connecting the trachea with a re- 
cording Benedict-Roth respirometer. Mean arterial pressure was registered continuously from one 
femoral artery. Blood was withdrawn from the other femoral artery. Except in a few experiments 
in which the sciatic nerve was exposed and stimulated, no other operative procedures were carried 
out. Rectal temperature was maintained within a degree of the original temperature throughout the 
experiment by placing the dogs on a -warmed animal board, and/or with the use of radiant lamps. 

After a control period lasting from one to one and one half hours, standardized hemorrhagic 
shock was induced by bleeding according to the method developed in this laboratory (ii). Briefly, 
this consisted in withdrawing blood at the rate of about 50 cc. per minute until mean arterial pres- 
sure had been lowered to 50 mm. Hg. This pressure level was maintained by withdrawdng sma 
additional quantities of blood. At the end of 90 minutes arterial pressure was further lowered to 
30 mm. Hg by another small hemorrhage. This 30 mm. level was maintained for 45 minutes. At 
the end of that time, the withdrawn blood — properly heparinized, filtered, and warmed was rein- 
fused via a femoral vein and the redevelopment of circulatory failure awaited. 

In previous analyses it was pointed out that while hemorrhagic shock begius 
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early in the hypotensive period an irreversible state does not eventuate until the mid- 
dle of the 30 mm. Hg period. The successive stages were designated oligemic shock. 
The circulatory failure which develops after restoration of a normal blood volume 
was called normovolemic shock (14). 


RESULTS 

Effect of Oxygen Inhalation on Incidence of Irreversible Shock. Since these 
experiments differed from those in other series of animals in that the dogs were con- 
tinuously breathing 100 per cent oxygen from, the spirometer instead of atmospheric 
air, a comparison of the comparative incidence of irreversible shock seemed im- 
portant. Wdiile this cannot be regarded as solving the disputed problem as to 
whether oxygen inhalation is beneficial in shock states, it does in our opinion have a 
bearing on the problem. Of the 12. dogs used in this investigation, two failed to 
develop shock. This 83 per cent incidence agrees with that found in several other 
series of experiments carried out by different teams. (For details see Wiggers, 15.) 

Res-piratary Changes and Oxygen Consumption. A description and analysis of 
typical effects requires graphic reproduction of four illustrative experiments shown 
in figure i. These experiments are arranged according to the rapidity with which 
circulatory failure developed after reinfusion. Thus, the upper series of curves 
represent data from one of the two recovery dogs; the lower, from an animal that 
developed precipitous circulatory failure after reinfusion. Vertical lines demarcate 
the control period, the 50 mm. Hg posthemorrhagic hypotension, the 30 mm. period 
of hypotension and the postinfusion compensation followed by normovolemic shock. 
It may be mentioned that three of these experiments selected for illustration were 
carried out under sodium barbital anesthesia alone, and in one this anesthetic w'as 
preceded by a dose of morphine sulfate. 

A survey of the plots from these typical experiments reveals that oxygen con- 
sumption is drastically reduced immediately after the decline of arterial pressure. 
The reductions ranged from 12.5 to 60 per cent in different experiments, and in nine 
of the most typical averaged 38 per cent. The posthemorrhagic reduction lasted 
for an hour or more, as indicated by A-B in figure i. In some experiments (illus- 
trated by experiment 7), the reduction occurred before respiratory minute volume had 
increased materially. In the majority of experiments, typified by experiment la, 
the oxygen uptake remained low during this period despite considerable augmenta- 
tion of pulmonary ventilation. Toward the end of the hypotensive period (B-C), 
and sometimes earlier, the rate of oxygen uptake increased. In fact, as shown in 
experiments S, 7 and 5 of figure i, the oxygen consumption recovered practically to 
control levels when the end of the 50 mm. period was reached. In some of these 
experiments (e.g., experiments 7 and 5) this was accompanied by further accentuation 
of the pulmonary ventilation. However, the trends varied in different animals. 
The change in respiratory activity was much less abrupt or extensive in experiment 8. 
A material increase in oxygen uptake occurred from B to C in experiment 10, despite 
some reduction in pulmonary ventilation. 

The second bleeding required to reduce arterial pressure to 30 mm. Hg levels 
at once reduced ox}^gen consumption significantly in all experiments (ranges 20 to 39 
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per cent below controls; average 30 per cent). This occurred even tliough the ad- 
ditional bleeding was never large; in some experiments the drop in arterial pressure 



supervened witliout additional hemorrhage. As indicated in tlie records of figure i 
some amelioration of the previous hyperpnea and pulmonary ventilation generally 
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developed during this period of 30 mm. hypotension (see expermeiits j, 10 and 5)- 
However, in a few cases, illustrated by experhneni 8, o.\ygen consumption declined 
even when augmented respiratory efforts continued. 

Reinfusion of the blood after irreversible circulator)’^ changes had developed 
resulted in a pronounced increase over normal in the oxygen uptake (+ 30 to +85 per 
cent, average +61 per cent). This eventuated in spite of the fact that the blood 
which was reinjected intravenously was well oxygenated as a result of its exposure to 
the air. The large augmentation of oxygen consumption following reinfusion was 
not a temporary affair; usually it persisted for several hours, as illustrated in experi- 
ments S and 7; more rarely, it returned to a control level during the first hour following 
reinfusion, as in experiment 10. In many experiments, illustrated by nos. 7 and 5, 
the supernormal oxygen consumption even persisted after arterial pressure had begun 
its rapid decline during normovolemic shock. When this occurred it was generally 
attended by greatly augmented pulmonary ventilation. In most experiments 
oxygen uptake remained high even when arterial pressure had again been reduced 
to 50 mm. Hg. Reduction in oxygen consumption below control values such as are 
manifested in experiment 10 was the exception rather than the rule. 

IVTERPRETATIONS .AND SUPPLE\rEXTARy EXPERIMENTS 

Since irreversible circulatory changes develop during the latter portion of the h}'-- 
potensive period, the supernormal oxygen uptake which follows intravenous infusion 
of oxygenated blood and which is maintained even after circulatory failure recurs 
clearly indicates that reduction in oxygen uptake is not a necessarj' feature of the 
irreversibility picture. 

Our results raise the question whether the smaller oxygen consumption which 
occurs during shock accompanied by significant hypotension (e.g., during periods of 
our experiments preceding infusion and in types of shock experiments reported by 
others) is in any way indicative of a real reduction in basal metabolic rate. The' 
additional factors that must be evaluated before such a conclusion is reached will be 
briefly discussed as follows: 

I. Excess oxygen consumption involved as .a result op increased respira- 
tory EXERCISE. The increase in respiratory work which occurred during the course 
of our experiments is illustrated by changes in respiratory minute volumes plotted in 
figure I. These cun^es reveal that as a rule respiratory activity is greatly augmented 
during all periods of oligemic and normovolemic shock. The use of morphine as a 
preanesthetic sometimes delays the supervention of hyperpnea, as in experiment 7, 
but certainly does not prevent its occurrence later. 

The extent to which the increased respiratory effort can affect oxj'-gen uptake in 
anesthetized dogs, sudi as ours, needed to be evaluated. This was done by inducing 
a similar dj^spnea in four dogs by stimulation of a sciatic nerve. Data from two 
representative e.xperiments are sho™ in figure 2. The marked elevation of mean 
arterial pressure and increase in pulmonary ventilation volume are obviously attended 
by a large increase m oxygen uptake. In experiment jj the oxygen uptake was dou- 
bled al the peak of respiratory activity. In experiment 13 it increased 63 per cent 
over the control value. 

The effect tliat augmented breathing during the posthemorrhagic hypotension 
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period has on oxygen consumption was evaluated as follows: after a second control 
period the animals were bled in the routine fashion. A 50 mm. Hg hjTDotension was 
maintained for approximately an hour, after which the augmented breathing was 
reduced or abolished by intravenous injection of morphine sulfate, 2 mgm. per kilo 
(fig. 2). It is obvious tliat the oxygen uptake decreased significantly as the resoira 



tory minute volume again approached control levels. Obviousty, any lowering 0 
oxygen consumption which exists during such hypotensive periods as are exemphne 
by experiment 1 1 does not depict the full reduction that can take place as a resu 1 0 
other forces. Similarly, when oxygen consumption recovers to control levels, as in 
experiment ij, this is clearly an effect of excessive breathing. It should be note , 
however, tliat abolition of hyperpnea by morphine may have an additional indirect 
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action as well. As seen in both of tliese experiments, the arterial pressure falls with 
a reduction in respiratory activity. This has been attributed to removal of the 
pressor effect of respiration (16), which reduces venous return and cardiac output 
significantly under states of low arterial pressure. The possibility cannot be ex- 
cluded that the reduced oxygen consumption following administration of morphine 
may be partly assigned to further impairment of oxygen transport capacity.^ 

2. Reduction in oxygen transport capacity. The decline in arterial pres- 
sure which supervenes after a large hemorrhage is due solety to reduction in cardiac 
output. Thereby the oxygen transport capacity becomes less, even though oxygen 
saturation of arterial blood may remain essentially unchanged. l\dien this reduction 
reaches a critical level the excess oxygen required for augmented respiratory work 
can only be supplied immediately through a preferential increase in blood flow 
through muscles, or through a greater desaturation of its capillary blood. There is 
evidence in fact that the latter process starts to function before oxygen transport 
capacity has approached a critical level, 

3. Surplus oxygen uptake required to reoxygenate highly desaturated 
venous blood. It has been amply demonstrated that the oxygen content of mixed 
venous blood falls progressively during the development of shock. To this progres- 
sive decrease the return of highly deoxygenated blood from respiratory muscles must 
contribute considerably during the period of posthemorrhagic hypotension. Since 
the low cardiac output remains relatively stable during this period (17), the extra 
oxygen required to resaturate the blood fully must increase roughly at the same rate 
that the oxygen content of mixed venous blood decreases. This probably accounts 
for a part of the increased oxygen uptake during the periods of h)rperpnea. Through 
this reserve mechanism the overactive respiratory muscles are able to borrow ad- 
ditional oxygen from the blood during periods when the oxygen transport capacity 
is strained. At the same time, the increased pulmonary ventilation provides the 
means by which the extra oxygen used may be replenished during the period of a 
single circulation. 

4. Surplus oxygen required for oxidation op accumulated products op 
anaerobic metabolism. Repayment of oxygen debt. The development of a meta- 
bolic type of acidosis during states of prolonged hjqiotension offers good evidence 
that the tissues of the body, including the respiratoiy muscles, revert partly at least 
to a type of anaerobic metabolism. When the oxygen transport capacity is increased 
as a result of a large blood transfusion the oxidation of accumulated products of 
anaerobic metabolism obviously requires an extra uptake of oxygen. Thus, together 
with persistence of augmented breathing, probably accounts for the continued large 
o.xygen uptake after reinfusion of the withdraivn blood. 

In order to substantiate this plausible interpretation, the augmented respiratoiy 
activity which persists after reinfusion was abolished by administering a dose of 
morphme. Two typical experiments are shoNvn in figure 3. In experiment 14 
morphine produced an imusual depression of respiratory activity. Nevertheless 
oxyrgen consumption was not greatly decreased. In experiment 15 the respiratory 
minute volume was restored exactly to control values for several hours. During this 
period the oxygen consumption- remained significantly elevated. 
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5. Impairment of oxygen utilization by tissues generally. The pro- 
gressive development of a metabolic acidosis during prolonged posthemorrhagic 
Itypotension is also evidence that the basal metabolic needs for oxygen were not 
satisfied. Consequently, the existence of a state of decreased oxygen utilization 
cannot be denied, even w’hen it is obscured b}' operation of otlier factors. The im- 
portant question under discussion is w'hetlier a permanent and perhaps irreversible 
metabolic disturbance has been created or whetlier tlie reduction in oxygen utilization 
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is merely secondary to impairment of blood flow, reduction in oxygen transport 
capacity and, in certain cases, to lowering of body temperature. When shock is 
induced by other procedures a decline in body temperature usually occurs. This 
unquestionably causes a reduction in basal metabolic rate, as measured either b} 
oxygen uptake or by direct calorimetry. It is by no means demonstrated, however, 
whether cooling acts by deceleration of chemical reactions generally or througn 
depression of respiratory, cardiac and otlier visceromotor activities. Correlations 
of findings with Van’t Hoff’s law may perhaps result through changes of a physiologi 
cal rather than a physiochemical nature. However, changes in velocity of chemica 
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reactions due primarily to a decline in body temperature was minimized m our 
experiments by our practice of maintaining rectal temperatures within i°C. of that 
at the start of an experiment. The appendages which do cool could not affect 
oxygen uptake materially. Their metabolizing tissues constitute only a small 
fraction of the body weight and, moreover, blood flow to the hind legs was materially 

reduced since both femoral arteries were ligated . 

The changes in oxygen utilization due to intrinsic cellular damage are difficult 
to assess, because so many factors combine to elevate oxygen uptake after normal 
blood volumes, normal cardiac output and normal arterial pressures have been 
restored through blood transfusion. Together they could easily obscure any per- 
sistent depression in oxjfgen utilization due to cellular injur}^ However, if our 
premises are correct, that the tremendous increase in oxygen consumption after 
transfusion is partly referable to oxidation of metabolic acids, tlie inference appears 
allowable that the body cells concerned with their oxidation have not been damaged 
irreversibly. 

Explanation of Changes in Oxygen Consumption During Successive Phases of 
Oligemic and Normovolemic Shock. We have discussed several determinants which 
in addition to reduced oxygen utilization by cells may affect the oxygen consumption. 
The balance of these factors undoubtedly varies considerably at different periods of 
oligemic and normovolemic shock in an individual experiment and during similar 
periods in different animals. The dominance of one or the otlier factor can, however, 
generally be recognized. It is highly improbable, for example, that a generalized 
decline in basal metabolic rate develops immediately after a large loss of blood. 
Nevertheless, oxygen uptake decreases immediately and continues for some time. 
This reduction is more likely due to the predominant effect of lowered cardiac output 
and oxygen transport capacity. The progressive and in some cases complete re- 
covery of oxygen uptake which ensues during the latter portion of the 50 min. Hg 
period can be accounted for by the excess oxygen required for augmented respiratoiy 
activity. 

The mechanisms by which more oxygen can be made immediately available to 
respiratory muscle without anj^ necessary improvement in oxygen transport capacity 
has been analyzed above. The sharp decrease in oxygen consumption which ensues 
during the 30-mm. period is attributed in part to further reduction in oxygen trans- 
port capacit}^ by a second bleeding and partly to diminution in amplitude and rate of 
respiration. IVhen respiratorj' depression actually occurs, reoxygenation of blood 
becomes less complete, the heart slows rapidly, arterial pressure declbes and respira- 
tion ceases unless prompt resuscitative measures are taken. It is highly question- 
able whether the lowered oxygen uptake during this critical period in any way re- 
flects a generalized reduction in oxygen consumption due to cellular damage,- the 
reduction is certainly dominated by cardiac and respiratory responses and their 
mechanical effects on oxygen uptake. Incidentally, it is important to note that 
breaking 100 per cent oxypn cannot avert a crisis, whereas small infusions of whole 
blood which raise tlie cardiac output and ox>'gen transport above liminal values are 
effective. The large increase in oxygen consumption whicli follows a transfusion and 
continues even as circulatory failure redevelops is attributed to the combination of 
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three factors, namely, improvement in oxygen transport, continuance of augmented 
respiratory action plus oxidation of metabolic acids. 

SUMiURY 

The oxygen consumption of barbitalized dogs was recorded continuously during 
progressive oligemic and normovolemic shock. This was produced by massive 
hemorrhage and subsequent reinfusion of the withdrawn heparinized blood, according 
to standardized procedures developed in this laboratory. An analysis of the results 
supports the following conclusions: 

1. Reduction m oxygen consumption is not a necessary concomitant of the 
irreversibility picture. 

2. Even when body temperature is kept constant oxygen consumption is not a 
measure of basal metabolic rate during shock. This is due to the fact that oxygen 
uptake is predominately affected by reduction in oxj'gen transport capacity, excessive 
respiratory effort and varying degrees of acidosis with accumulation of oxygen debt. 

3. Neither tliese experiments nor tliose published by others offer clear-cut 
evidence for the generally accepted hypothesis tliat development of an irreversible 
circulatory state is accompanied by overall cellular damage which manifests itself by 
reduced oxygen utilization. 
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EFFECT OF PENTOTHAL SODIUM ON BLOOD 
GAS TRANSPORT! - 2 

KENNETH E. PENROD and A. H. HEGNAUER 
Frmn the Deparlvient of Physiology, Boston Umversity School of Medicine 

BOSTON, MASSACHUSETTS 

D uring the course of some experiments involving blood gas studies con- 
sistently low arterial Oi contents of our dogs led to a suspicion of some 
effect of the anesthetic per se. Accordingly comparison of pre- and post- 
anesthetic blood gas contents indicated an appreciable difference, the cause for which 
was not readily apparent. 

At the time these experiments were begun no reference was found in the literature 
relative to the effect of pentothal on blood gases. Reference has been made many 
times to the hemodilution effect of barbiturates in general, however, as will be 
discussed later. Many authors have referred to a depression, or arrest, of respiration 
following pentothal; in fact Draper and Whitehead (i) used it to produce respiratory 
arrest in dogs. However, since our animals did not show a grossly apparent lessening 
of respiration after the anesthetic, we did not believe this could wholly account for 
our results. Hence it seemed desirable to investigate the mechanism whereby 
pentothal reduced the oxygen content of the blood. 


METHOD 

Mongrel dogs were used. Under local anesthetic (procaine^, 2 per cent), blood was drawn from 
the femoral artery and vein (or in some cases just the artery) into heparinized syringes and immedi- 
ately refrigerated either in the sealed off syringes or after transfer to mercury-filled storage tubes. 
Five to 10 cc. of freshly dissolved 5 per cent pentothal sodium were then administered into the femoral 
vein. Approximately one milliliter beyond that required to elicit the customary sigh was found to 
ensure deep narcosis. 

After a five-minute wait another pair of blood samples was drawn and handled as before. All 
samples were analyzed for O2 and CO2 content by the usual Van Slyke manometric techniques within 
four hours of being drawn. 


In a second series of experiments the above procedure was followed, except that 
as quickly as possible after the pentothal injection a tracheal cannula or tube was 
inserted and artificial respiration with room air applied. Hematocrit studies were 
made on this and succeeding series. 

The third and fourth series of experiments were repetitious of series I and II, 
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respectively, except that following the witlidrawal of the post-pentothal blood 
sample, 5 to 8 cc. of i : 10,000 epinephrine were injected I.V. After a five-minute 
wait the third set of blood samples was taken. 

Table i. Oxygen, carbon dioxibe ano hematocrit values of arterial blood of dogs 
BEFORE anesthesia, AFTER PENTOTHAL Na AND AFTER EPINEPHRINE FOLLOIVING PENTOTHAL 
Series I and III were with spontaneous respiration; series II and IV, with artificial respiration 

following pcntothal administration 





OXYGEN 

1 

HEIIATOCMI' 

CARBON DIOXIDE 

SE- 

RIES 

in 

0 


Volume % 

Difference 

CC./lOO CC. 

Difference 

Vol. % 

Difference 


Q 

6 


Vol. % 

% 

Norm. 

Absol. 

Nonn. 

Vol. ^ 

% 

’ Norm. 

I 


Before pento- 
thal 

18.7 

±2.06- 





■ 

36-8 

±7.12 




After pentothal 

15.6 

±2.52 

- 3-1 

— 16.6 



1 

43-1 

±5.28 

+ 6-3 

-f 17.I 

TT 

10 

Before pento- 
thal 

1S.2 

±2.26 

1 


43-2 

±4.53 


1 

41-5 

± 3-03 




After pentothal 

16.5 

±2.15 

-1.7 

- 9-4 

38.9 

±4.00 

- 4-3 

— lO.O 

37-8 

±6.07 

- 3-7 

-8.9 

III 


Before pento- 
thal 

18.8 

±1.49 



41.1 

± 4-21 



41.7 

±3.60 



7 

After pentothal 

1 

14-3 

±1.31 

- 4-5 

— 23.0 

38.0 

± 4-45 

- 3-1 

- 7-5 

48.7 

±4-67 

+ 7-0 

-16.8 



1 

After epineph- 
rine 

20.2 

±2.86 

-1-1.4 

+ 7-4 

46.2 

±6.39 

+ 5-1 

+12.4 

42.9 

± 3-73 

-hi. 2 

-1-2.9 




18 . 5 
±2.12 



42.1 

± 3-28 



40.8 

±3.22 



rv 



17.2 

±2.05 

- 1-3 

-7.0 

38.1 

± 3 - 6 o 

-4.0 

- 9 -S 

34-6 

±5-17 

— 6.2 

-15.2 



After epineph- 
rine 

20.3 

±2.35 

-pi .8 

+9-7 

43-3 

±4-32 

+1.2 

+2.8 

3I-I 

±3-92 

-9.7 

— 23-8 


^ Winthrobe tubes. ^ Standard deviation. 


RESULTS 

The mean and standard deviation of the arterial O2 and CO2 contents and 
hematocrit values are listed in table i. Also listed in this table are tlie differences, in 
per cent of the control values, for each of the three means following botli pentothal 
and, where used, epinephrine administration. To facilitate evaluation of the effect 
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Analysis of data from table i. 

table I 


Table 2 

The algebraic sums and differences of the changes observed in 
are shown and apparent causes ascribed 



PROCEDURE 

Oi cnA.voE 
% norm. 

nEMATOCR. 

COl CrfANGI 
% norm. 


SERIES NO. 

Pento- 

thal 

Arti- 

tidal 

resp. 

Epi- 

neph 

rine 

CUANCE 

% norm. 

REMARKS 

I 

i 

+ 

0 

0 

— 16.6 


■f 17.1 


II 1 

1 


-f 

Q 

-9.4 

— 10,0 

-8.9 

Reversal of CO2 sign due to hj'- 
pervenlilation 





-7.2 



Difference due to respiratory 
depression 







— 26.0 

Total CO2 change due to artifi- 
cial respiration 

in(a) 

in(b) 

+ 

+ 

0 

0 

0 

4 - 

-23.0 

+ 7-4 

“ 7 * 5 . 
+ 12.6 

+ 16.8 
+ 2.9 






+ 30-4 

+20.1 

- 13-9 

Effect of epinephrine (spontane- 
ous respiration) O2 increase in 
excess of hematocrit change, 
and CO2 decrease represent 
epinephrine stimulation of cir- 
culatory and/or respirator}' 
mechanisms on gas exchange 

1 





i 


IV(a) 

+ 

+ 

0 

-7.0 

1 

■“ 9-5 

-15-2 

CO2 sign shows hyperventilation 

IV(b) j 

+ 

+ 

4 - 

1 

+9.7 

+2.8 

— 23.8 

“ “ « « 
and epinephrine effect 



1 


+16,7 

+12.3 

-8.6 

Magnitude of epinephrine effect 
in presence of artificial respi- 
ration 

in(a) 

IV(a) 

4 * 

0 

0 


- 7-5 

+16.8 

Respiratory and hematocrit de- 
pression due to pentothal 

+ 

+ 

0 

H 

-95 

-15-2 


in(b) 

IV(b) 




+16.0 

— 2.0 

-32.0 

Magnitude of effect of artificial 
(h3'per) ventilation on pento- 
thal depression 

4 " 

4 - 

0 

4 ' 

4 - 

+ 

+ 7-4 

+ 9-7 

+12.6 

+2.8 

+2.9 

-23.8 






+ 2-3 

-9.8 

— 26.7 

Effect of artificial respiration in 
presence of epinephrine 
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of the several procedures used a second tabulation of these differences, arranged for 
ready comparison, is made in table 2. 

It is apparent from the figures of series I that pentothal causes a considerable 
reduction in the arterial O2 content and a comparable percentage increase in CO2. 
However, reasoning on tlie basis of the shapes of the O2 and CO2 dissociation curves 
suggests that respiratory depression alone could not account for the observed fall 
in O2. Accordingly, in series II, hyperventilation was artificially induced during the 
period of anesthesia. The effect of respiratory depression was thus removed as 
e^ddenced by the fall in CO2 content to below the preanesthetic level. The fall in O2 
with pentothal was tlien nearly halved, but not obliterated. Hematocrit studies in 
this series showed tliat the remainder of tlie fall in O2 following pentothal could be 
accounted for by the reduction in the volume of red cells per unit volume of circulatmg 
blood. 

The reduction in hematocrit should be relieved by the injection of epinephrine. 
In series III the dogs were again allowed to breatlie spontaneously throughout the 
experiment. The pentothal in this series caused a somewhat greater fall in O2 than 
in series I, but epinephrine injected during this depression was able to raise the O2 
content to a level even slightly above the control value. The CO2 excess was re- 
duced but not entirely overcome and tlie hematocrit was raised considerably above 
the control value. 

In series W, in the presence of artificial respiration, pentotlial again reduced the 
O2 content and the hematocrit value to approximately equivalent degrees and the 
epinephrine again overcompensated tlie effect of the pentothal and further reduced 
the already lowered CO- content. 

The effect of artificial respiration per sc on arterial O2, CO2 and hematocrit is 
apparent by comparing the postpen tothal levels in series IH(a) and IV (a). With 
controlled respiration the O2 content fall is 16 per cent less, the hematocrit decrease is 
greater by two per cent, and the CO2 is reduced from -j-i6.8 per cent to — iS-2 per 
cent. That is to say, artificial ventilation can restore the normal arterial O2 and 
CO2 tensions but cannot restore the O2 canying capacity. 

Epinephrine injections on the other hand, witli or without artificial respiration, 
(compare series III (a) and (b) and IV (a) and (b)) may restore tlie O2 capacity to a 
level above the normal and the O2 and CO2 tensions to levels near the normal. It is 
thus apparent that epinephrine can reverse the pentothal-induced changes in blood 
gases about as effectively as artificial ventilation, both by restoring the hematocrit 
and by enhancing gaseous exchange through stimulation of circulatory and/ or respir- 
atory mechanisms. 

It is notewortliy that in the presence of marked hypoxia following pentothal (as 
obtains during spontaneous respiration) the hematocrit decrease is not as great as 
occurs during artificial ventilation. H)ipoxia as such prevents the full pentothal 
effect on the hematocrit. To this extent epinephrine and h5T>o^i^ synergistic, if 
in fact the mechanisms are not identical. 

Although the respiratory depression and hematocrit decrease appear to account 
fully for the observed fall in arterial O2 content, O2 capacity studies were carried out 
on 10 dogs to investigate a possible reduced affinity of hemoglobin for O2. The 
results were negative. . 
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DISCUSSION 

this work was in progress a paper by Barton, Wicks and Livingstone (2) 
appeared in which observations were presented on tlie arterial O2 content of six 
humans and six dogs following intermittent fractional dose administration of pento- 
thal. The total time of administration was 10 to 44 minutes in dogs and blood 
samples were drawn 10 minutes after completion of tlie anesthetic. Five of these 
dogs showed a fall in arterial O2 content and one a ver>^ slight rise. The average fall 
for the six dogs was 2.32 vol. per cent, or 10.5 per cent. Our findings are in essential 
agreement with theirs since their animals were in an intermediate respiratory state 
between our two categories of considerable depression via deep narcosis and no de- 
pression via artificial respiration during narcosis. Our overall figures for arterial 
O2 content reductions, (combining series I and III) averaged -19.2 per cent for the 
animals allowed to breathe spontaneously and -9.3 per cent for tliose animals re- 
ceiving artificial respiration. 

From these figures it would appear that tlie fall in O2 content of tlie blood, follow- 
ing pentothal administration is about equally due to respiratory depression and to 
hemodilution. The two are somewhat interrelated, however, inasmuch as the 
hypoxia resulting from the reduced respiration may tend to oppose the hemodilution. 
Evidence for this is found in table i in the comparison of the degree of hematocrit 
fall in series II or IV (—10.0 and —9.5 per cent,) where the respiratory level was 
maintained artificially and the O2 contents were below the control values by only 
9.4 and 7 per cent, respectively. 

The effect of barbiturates in general on tlie blood picture has been referred to 
many times. Bourne, Bruger and Dreyer (3) noted the hydremic effect of sodium 
amytal without offering an explanation. Searles and Essex (4) reported tliat 
splenectomy abolished the dilution effect of Na amytal, and Hausner, Essex and 
Mann (5) showed by X-ray visualization of the spleen that that organ is markedly 
enlarged in dogs following amytal, nembutal or pentothal. However Adolph and 
Gerbasi (6) Bollman, Svirbely and Mann (7) and Jarcho (8) showed that splenic 
abstraction only partially accounts for the hemodilution following barbiturates and 
an actual increase in circulating plasma ensues. Hamlin and Gregerson (9), through 
blood volume studies, and Polderman, McCarrell and Beecher (10), through studies 
of lymph flow, both concluded that barbiturates tend to withdraw fluid from tissue 
spaces into the blood stream. 

In the anestlietized animal epinephrine would be expected to oppose the hemo- 
dilution effects caused b}'- both red cell storage and plasma increase (9, ii). Our 
results on postpen tothal epinephrine injections are interesting in that not only do they 
oppose the dilution effect but also enhance the respiratory exchange both in those 
animals breathing spontaneously, as shown by a reduction in the CO2 excess, and in 
those receiving artificial respiration, as shown by a further reduction in the already 
lowered CO2. 


CONCLUSIONS 

r. Pentothal sodium injection to the stage of deep narcosis lowers the O2 content 
o dogs by some 19 per cent. By preventing respiratory depression via artificial 
respiration tlie fall in O2 content is only about 9 per cent, all of which can be ac- 
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counted for by a decreased hematocrit. It thus appears that the total fall in' arterial 
O2 content obser\’-ed following pentothal injection is approximately equally charge- 
able tp respiratory depression and to hemodilution. 

,,,.2. The affinity of the hemoglobin for oxygen is not interferred with as evidenced 
by Oo capacities. 

3. The hemodilution effects, and to a considerable extent .the respiratory de- 
pression, can be effectively opposed by the injection of epinephrine;, 
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SUSCEPTIBILITY OF CATS AND DOGS TO 
PROGRESSIVE ANOXIA 

RALPH W. STACY, W. Y. WHITEHORN and' FRED A. HITCHCOCK 
From the Laboratory of Aviation Physiology and Medicine, Ohio State University 

COLUMBUS, OHIO 

I T HAS been known for many years that various species of animals differ widely 
in their susceptibilitj^ to anoxia. Paul Bert (i) in his book, La Pression Baro- 
melriqne, the cornerstone of modern aviation medicine, gives considerable evi- 
dence that cats are more susceptible to oxygen lack than are dogs. Campbell (2) 
reported experiments which indicated that cats do not acclimatize to oxygen lack as 
well as other species. Dill (3) also called attention to this difference between cats 
and other species. 

A knowledge of the physiological basis for these differences would throw light 
on the fundamental mechanism involved in the supply of oxygen to the tissues and 
would probably be of value in the development of methods for the protection of man 
against anoxia. A comparative study of the responses of cats and dogs to anoxic 
anoxia has therefore been made. 


METHODS 

Experiments were performed on 27 dogs and 17 cats. All animals were adults and both males 
and females were used. The animals were anesthetized with nembutal (30 mgm. per kgm., intra- 
peritoneally) except for two cats that received urethane (1.25 grams per kgm., intraperitoneally). 

Anoxia was produced by connecting the respiratory tract of the animals to a rebreather ap- 
paratus consisting of a spirometer in a closed circuit containing a soda lime cannister for the ab- 
sorption of carbon dioxide. The size of the spirometer and the initial oxygen concentration were 
chosen so that respiratory failure occurred in about ten minutes. Respiratory rate and volume were 
recorded from the rise and fall of the spirometer bell. Blood pressure was recorded with a mercury 
manometer from the right femoral artery. In general, the procedure was as follows. After the nec- 
essary surgery had been completed but while the animal was still breathing room air, a sample of 
arterial blood was drawn from the left femoral artery with anaerobic precautions. The animal 
was then switched to the spirometer circuit and recording begun. Recording was continued 
until the respiratory movements ceased. A second sample of arterial blood was taken at this 
instant. The animal was then switched to room air and resuscitated. A sample of the air left in 
the spirometer was analyzed for ox>'gen and carbon dioxide content. After a recovery period of 
from 20 to 30 minutes the chemoreceptors were denervated by dissection and phenolization of both 
carotid sinus regions and bilateral vagotomy. 

A period of 15 to 20 minutes was allowed for recovery from these surgical procedures and for 
stabilization of the blood pressure. The experiment was then repeated. 

Blood samples were analyzed for oxygen and carbon dioxide content by the Van Slyke mano- 
metric method, and the oxj'gen capacity of one of the samples 'was determined. The air samples 
were analyzed for oxj'gen and carbon dioxide content with the Haldane apparatus. , , 

Mea surements of respiratory rate and depth, heart rate and arterial blood pressure were made 
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during the first and last minutes of each experiment. Changes in these values are expressed in terms 
of percentage deviation from the initial values. 

RESULTS 

A. Response of inlaci animals. The data on the composition of inspired air at 
the moment of respiratory failure and on the O2 and CO2 content of arterial blood are 
given in table i. These data show conclusively that respiratory failure occurred in 
the cat when the percentage of oxygen in the inspired air was much higher than the 
corresponding values tolerated by the dog. Thus, on the average, the dog was able 
to continue breathing until the O2 content of the inspired air reached 2.62 per cent 
while the cat ceased breathing at 4.66 per cent oxygen. Determinations of oxygen 
saturation of arterial bloods at the moment of cessation of respiration reveal minor 
differences between the two species. 


Table i. Inspired air oxygen and blood gases at the moment of 
CESSATION OF RESPIRATION 



Inspired air 
ox>'gen content 

Arterial oxygen 
saturation 

Arterial CO; 
content 

Intact dog 

mean 

2.62% 

11 . 6 % 

35-9 


no. expts 

26 

9 

9 


range 

I . 60-4 . 00 

8.2-22.1 

i 

25.8-43.7 

Intact cat 

mean ' 

4.66% 

7 .S% 

34-.5Dp<^ 


no. expts 

IS 

6 

6 


range 

2.96-7.84 

2.6-22.1 

30.7-40.1 

Denervated dog 

mean 

7-00% 

10.1% 

40 . 2 VpC 


no. expts 

13 

9 

9 


range 

1.72-15.8 

4.6-11.6 

31.0-52.8 

Denervated cat 

mean 

7 - 96 % 

7-4% 

38. 0 VpC 


no. expts 

8 

6 

6 


range 

4.81-10.8 

3 -7-13 -8 

23.6-45.2 


Comparison of the respiratory responses to reduced O2 tension of the two species 
(table 2) reveals a marked difference. The dog responded to anoxia with an average 
increase in ventilation volume of 370 per cent while the cat showed an average increase 
of only 54 per cent. In both species, the rate of respiration showed a greater increase 
than did the depth. 

As might be expected, the average carbon dioxide content of arterial blood, 
shown in table i, tends to decrease with increasing ventilation volume. 

The circulatory responses of both dogs and cats are given in table 3. The dog 
showed an average increase in heart rate of 11.8 per cent and an increase in mean 
arterial pressure of ii per cent. The cat, on the other hand, showed an average 
decrease of 13 per cent in mean arterial pressure and an average decrease of 14.9 per 
cent in heart rate. 

B. Responses of the denervaled animals. Denervation of the chemoreceptors 
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practically obliterated the species differences noted in intact animats and reduced the 
anoxic tolerance of both dogs and cats. The denervated dog stopped breathing when 
the oxygen content of inspired air was reduced to 7.00 per cent, while respirator}'^ 
failure in the denervated cat occurred with the oxygen content of inspired air reaching 


Table 2. Respiratory responses to progressive anoxia 




Respiratory rate 

Tidal volume 

Ventilation volume 

Intact dog 

mean 

no. expls 
range 

+ 196 % 

28 

+ 400 %-+ 77 % 

+4^% 

28 

+ I 02 %-(-I 2 %) 

cclkgmimin. 

+ 370 % 

28 

+668%-+i52% 

Intact cat 

mean 

no. expts 
range 

+ 27 % 

17 

+ 33 %- (-25%) 

+ i^% 

17 

+ 67 %-(- 9 %) 

■\-54% 

17 

+ I 20 %- 0 % 

Denervated dog 

mean 

no. expts 
range 

+5<5% 

13 

+ 120 %- (- 50 %) 

+<5% 

13 

+ 119%- (- 53 %) 

+ 24 % 

13 

+129%- (-18%) 

Denervated cat 

mean 

no. expts 
range 

+ 11 % 

8 

+ 93 %- (-12%) 

+■^ 3 % 

8 

+ 50 %-o% 

+ 12 % 

8 

+i 90 %-o% 


Table 3. Circulatory responses to progressive anoxia 



Arterial pressure 

Heart rate 

Intact dog 

Mean i 

no. expts I 

range 

+ 21% 

27 

+33%-+ 2% 

+22% 

9 

+ 29%-(-6%) 

Intact cat 

Mean 
no. expts 

range : 

-13% 

^5 ■ 

+9%-(-32%) 1 

■ -25% 

6 

-S%-(-33%) 

Denervated dog 

Mean 
no. expts 
range 

-2J% 

13 

+27%-(-5o%) 

+7% 

9 

+i6%-(-6%) 

Denervated cat 

Mean 
no. expts 
range 

- 24 % 

8 

-2%-(-4I%) 

+7% 

, 6 • 

+i8%-(-s%) 


7.96 per cent. The values for arterial oxygen did not change significantly from those 
for the intact animals (table i). 

The increase in ventilation volume of the denervated cat and dog was 1 2 per cent 
and 24 per cent, respectively (table 2), and the arterial carbon dioxide content of both 
animals was correspondingly higher than those of the intact animals (table i) 
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With denervated animals the circulatory responses to anoxia were the same in 
both species (table 3). Arterial pressure dropped 23 per cent in the dog and 24 per 
cent in the cat, while the heart rate increased 6.5 per cent in the dog and 6.7 per cent 
in the cat. The responses of the cats anesthetized with urethane did not differ from 
those anesthetized with nembutal. 


DISCUSSION 

These data definitely prove that under the conditions of these experiments, there 
is a difference in susceptibility of cats and dogs to anoxia. The outstanding differ- 
ence lies in the respiratory response, the dog showing about six times the hyperpnea 
of the cat. ^^^len this hyperpnea is prevented by chemoreceptor denervation the 
species difference disappears. It appears, therefore, that there is little or no differ- 
ence in the susceptibility of the cells of the medullary respiratory center of these two 
species to progressive anoxia. This conclusion is confirmed by the data on arterial 
PO2 at the moment of respirator}’- failure (see table 3). 

The greater ability of the dog to withstand anoxia depends primarily on his 
ability to decrease the gradient between inspired p02 and alveolar p02 by hyper- 
ventilation, and thus to maintain a more adequate alveolar p02 in the face of a de- 
creasing O2 content of inspired air. This maintenance of alveolar p02 is brought 
about partly by a reduction of the alveolar CO2 as indicated by the drop in arterial 
CO2 values, but to a greater extent by increased mixing of alveolar and inspired airs 
as a result of hyperventilation. 

Figure i shows the relation of ventilation volume to the percentage of O2 in 
inspired air at the moment of respirator}’- failure (alveolar p02 = 10 mm.). 

It is evident that as ventilation increases, the p02 of alveolar air approaches that 
of the inspired air. Theoretically, therefore, with infinite ventilation the ratio of 
inspired air p02 to alveolar air p02 would be i.o. On the other hand, if there were 
no ventilation the alveolar p02 would tend to approach zero and the above ratio 
would therefore approach infinity. This relationship may be expressed mathe- 

A 

matically by the equation R = — -f- i.o, where .4 is a constant expressing 

^ Vent. Vol. 

the relation of ventilation volume to mixing efficiency. Factors which effect the value 
of the constant A are changes in the alveolar CO2, effects of depth and rate of breath- 
ing, the vital capacity, the volume of the dead space and perhaps other less obvious 
factors. 

When inspired air pOo/ alveolar pOo ratios are calculated from the data of these 
experiments (assuming aii alveolar p02 of 10 mm. Hg at the moment of respiratory 
failure) and plotted against ventilation at that instant, the experimental curve 
approaches the theoretical (see fig. i). As might be expected, the curve indicates 
that as ventilation volume increases, the benefit derived from this increase becomes 
progressively less. Thus the advantage held by the dog over the cat in ability to 
maintain alveolar p02 is gained at the expense of a markedly disproportionate increase 
in ventilation volume. 

It is of interest that these results are essentially similar to those reported by 
Houston (4) in a study of the effects of hyperventilation in humans exposed to low 
oxygen mixtures. 
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While the primarj' cause of the species difference here reported seems to lie in the 
respiratory adjustments, it is well to point out that circulatory responses paralleled 
those of respiration in both species. The lack of cardiovascular stimulation by 
anxoia in the case of our chemoreceptor intact cats is at variance with the usually 
reported data. It is our opinion that this difference may be dependent upon the rate 
of induction of anoxia, an hi^rothesis which is now being experimentally tested. 

Finally, the fact that these ex^periments have been performed under barbiturate 
anesthesia must be taken into account in interpretation of the findings. 



Fig. I. Comparison of experimental data with values obtained from theoretical consider- 
ations of the relation between ventilation volume and alveolar p02 at the moment of respiratory 
failure. 


STJjMMARY 

A study was made of the respiratory and circulatory adjustments to progressive 
anoxia of the cat and dog. 

The cells of the medullary respiratory center of the cat and dog show only minor 
differences in the level of arterial O2 saturation at which they cease to function. 
However, the cat stops breathing at a much higher inspired air pOo than does the dog. 

In the absence of the chemoreceptors, both species are less resistant to and show 
similar respiratory responses to anoxia. With intact chemoreceptors the dog hyper- 
ventilates to a much greater degree than does the cat. The effect of this hyper- 
ventilation on the alveolar pOo is the primary factor concerned in the species differ- 
ence. 

A species difference in circulatory responses to anoxia was also demonstrated. 
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In the intact dog, arterial pressure increases ii per cent, while in the intact cat it de- 
creases 13 per cent. When the chemoreceptors are denerv’^ated, the arterial pressure 
of both cat and dog decreases about 24 per cent in response to progressive anoxia. 

A theoretical expression of the relation between ventilation volume and the 
inspired air p02/alveolar air pOo ratio is presented. 
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METABOLIC CHANGES OF THE RESTING POTENTIAL IN 
RELATION TO THE ACTION OF CARBON DIOXIDE^."- 

ABRAHAM M. SHANES’ 

From the Department of Physiology, New York University College of Dentistry 

NEW YORK, IIEW YORK 

I N SYSTEMS like frog skin (i) and frog nerve (2) the comparatively steady dif- 
ferences of potential, generally referred to as resting potentials, are supported by 
respiration under aerobic conditions and, to some extent, by glycolysis during 
anaerobiosis. Such potentials are good current generators (3) , even under conditions 
of depressed metabolism (4). Furthermore, they vary linearly with the logarithm 
of the extracellular potassium concentration although potassium inhibits (5), or 
first accelerates and then inhibits (6), respiration over a more limited range of con- 
centration. 

Such observations would be explained if the primary source of potential were 
the potassium gradient across the cell membranes and if the function of metabolism 
simply consisted of maintaining this gradient. The metabolic processes could con- 
tribute to the gradient by producing hydrogen ions for exchange with extracellular 
potassium, CO2 and lactic acid serving as sources of hydrogen ions under aerobic and 
anaerobic conditions respectively. 

The experiments to be described were designed to test for the operation of this 
mechanism in frog nerve. Anoxia and the subsequent return to oxygen were selected 
as a means for modifying CO2 production by the fibers. Since carbonic anhydrase 
in the fibers might be catalyzing hydrogen ion formation from CO2 or H+ disap- 
pearance, the action of inhibitors of this enzyme on the potential changes under these 
conditions was studied. The effects of 5 per cent CO2 on the resting potential were 
studied from the same standpoint and under a variety of experimental conditions. 
The results and available evidence were found to support the hypothesis. 

METHODS 

In one group of experiments the procedure described previously (2) was followed. 
Thus, three pairs of sciatic nerves from R. pipiens were mounted at one time in a 
chamber through which humidified oxygen flowed. In studies of the ‘injury poten- 
tial’ the distal ends were crushed and placed in a common trough of o.iii M KCl; 
the central intact region of each nerve was put into the end of a solution-filled glass 

Received for publication January 16, 1948. 

1 Aided by a grant from the Penrose Fund of the American Philosophical Socipty. 

’ A preliminary account of these results was given at a seminar of the Marine Biological Labora- 
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U-tube leading out of the chamber, and the proximal ligated ends were inserted into 
individual blind tubes containing Ringer. In all gas exchange experiments the cen- 
tral areas of the nerv'es, after a two-hour soaking period in control and experimental 
solutions, were raised on filter strips inserted into the U-tubes and their potentials 
followed for several hours, readings being taken every 15 minutes during at least the 
last hour to establish a baseline. The potential of the intact region relative to that 
in KCl is referred to as the ‘injurj'^ potential’ in future discussion. This is considered 
proportional to the ‘resting potential’, i. e., the average difference of potential be-- 
tween the axoplasm and medium of the fibers. 

In most experiments, including all employing CO2, the potential difference be- 
tween two intact portions of the neiAm was recorded. This will be referred to as the 
‘demarcation potential’.- The same chamber was used, but the distal ends' of the 
nerves were placed on an insulating ledge and Ringer-soaked filter strips, coming 
from the trough now filled with Ringer, made contact with the nerves three fourths 
of a centimeter or more from these ends. Subsequent treatment, including mount- 
ing and localized soaking in control and experimental solutions, was the same as de- 
scribed above. The potential changes of the soaked regions relative to the unsoaked 
areas are given in future discussion. 

A final modification for measurement of demarcation potentials consisted of 
dividing the chamber into two separate compartments. This permitted one half of 
each nerve — that exposed to control or experimental solution — to be subjected to 
CO2 or N2 while the other half served as a reference in oxj'gen. Vaseline was used 
as a seal where the nerves passed through the partition separating the compartments. , 
The effectiveness of the seals was tested by developing sufficient positive air pressure 
in one compartment to displace the solution or solutions between it and the outside 
air and then checking for the absence of such displacement in the other compartment. 
‘Double chamber’ will designate this unit, ‘single chamber’ the absence of such par- 
titioning. 

All solutions were made isotonic with o.iii M NaCl. Unless indicated othenvise, calcium was 
absent from the experimental media. This was done to minimize the ‘stabilizing’ action associated 
with this ion (8). Prolonged soaking in calcium-free Ringer (0.108 M NaCl, 1.7 niM K.C 1 , all-sodium 
Sorensen phosphate buffer at pH 7.4 and equivalent to i mM NaCl) was found to have no detectable 
deleterious effect on the injury potential; metabolic changes of potential are enhanced (table^ 8). 
Experimental substances usually were added to the Ringer by replacement of an osmotically equiva- 
lent amount of NaCl. Phosphate buffer concentrations are expressed as the millimols per liter of 
NaCl to which they are equivalent as found by use of the frog sartorius as an osmometer. Thus, 1.08 
gram Na;HP04 -|- 0.264 g. NaH 2 P 04 -H 20 in 100 cc. distilled water is referred to as o.ii M. Sulfon- 
amide solutions were prepared by the addition of the crystals to Ringer. Since the highest concen- 
tration employed was only 100 mgm. per cent (i. e., ca. 6 mM), a hypertonicity of less than 3 per cent 
was involved. A hjqiertonicity of 50 per cent was found to have only a slight depressant effect on the 
demarcation potential (fig. 5 A), no effect on CO2 action, and only a small depressant effect on the 
anoxic and post-anoxic changes of potential. All concentrations will be given relative to one liter 
of solution. 

Electrical measurements were made at first with a L. and N. TjqDe K potentiometer •' and Type 
R (zsooe) galvanometer. Subsequently a Rubicon Type B potentiometer and Type 3415 galva-. 

.* Obtained through the kindness of Dr. R. Keith Cannan and the Department of Biochemistry 
at the New York Universit}' College of Medicine. 
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nometer (7 X 10”'“ A/mm) were emplo3'ed. With cither set of instruments all six potentials were 
read to within 0.05 millivolt in two to three minutes. Asymmetry potentials in the circuit were 
checked by replacing the nerves with Ringer-soaked thread. 

All gases were taken directly from the tanks. They were humidified by being broken into fine 
bubbles and passed through a two- to three-foot column of o.ii M NaCl. Different humidifying 
columns were emploj'ed for each gas to minimize the delay in establishing equilibrium. 

RESULTS 

Sulfanilamide}'’^ Mann and Keilin (9) describe this as a strong and highly 
specific inhibitor of carbonic anhydrase. In table i its effects are checked against 
controls with respect to o) the demarcation potential, h) the anoxic drop in potential, 

Table i. Changes in potential (mllivqlts) produced in paired prog nerves by anoxia and 
RETURN to 02, AND BY 5 % COj IN O2 i\ND SUBSEQUENT RETURN TO PURE O2, AETER 2 HOURS OF 
LOCALIZED SOAKING WITH CA-FREE RINGER SOLUTION CONTAINING (S) OR LACKING (jR) lOO MGM. % 
SULFANILAMIDE 



M; 1.3(12) 14.49 6.81 0.66(6) 11.35 i5.79jo.72(6) 3.2 5 - 40 . 59 ( 8 ) 1.63 4.060.40(8) 

Most N2 and C02 experiments were made on different nerves ’ Negative values indicate a change 
opposite in direction to that given by the column title. Parentheses give the number of experiments. 


0) the magnitude of the maximum rise in potential upon return to oxygen and d) 
the maximum potential increase in 5 per cent €02-02 and maximum decrease upon 
return to O2. Most experiments were performed with a concentration of 100 mgm. 
per cent since lower concentrations are less effective and the results correspondingly 
less consistent. 

During anoxia the injury potential of R. pipiens sciatic falls for hours (2). Sul- 
fanilamide slows the rate of decline. This is shown by the consistently smaller de- 

J Kindly assayed by Dr. Harold A. Frediani, Director of Laboratories of Eimer & Amend, as 
97.3% pure. Half the deficit is water, the other half probably degradation products apparently 
present in other available samples as well. - ^ 

® Reported at the thirtieth annual meeting (March 15, 1946) of the Federation of American 
bocieties for E.xperimental Biology (36). 
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crease (or, in some instances, greater rise) in potential after if hours of anoxia. The 
apparent rise during anoxia obtained with some of the nerves is probably the result 
of a potential drift exceeding the normal anoxic decline. Thus, four hours after 
mounting the injury potential usually is slowly and asjTnptotically rising to a plateau 
(4). The change of potential in nitrogen, if measured as the difference in injury po- 
tential just before and after anoxia, would be smaller than if allowance were made for 
the rise. Correction for this drift is possible by log.-log. plotting of the potentials 
initially obtained in oxygen. A straight line usually is obtained, providing an ap- 
parentty reliable baseline for extrapolation into the anoxic period. This assumes, 
however, that drift is the same during anoxia. For comparative purposes the extra- 
polation is unnecessary when control and experimental nerves are taken from the 
same animal. As may be seen in the nitrogen e.xperiments of table i, data variabil- 
ity among nerves from different animals is considerable; nevertheless, the ratio S/R 
(millivolts change in sulfanilamide relative to that of the controls) or comparison of 
the direction and magnitudes of the potential changes shows that in 13 of the 14 
paired nerves sulfanilamide retards the anoxic decline of potential. 

The rise in injury potential during post-anoxic recovery in oxygen usually is 
complete in less than 10 minutes, is larger than the anoxic fall, and is followed by a 
slow decline. Sulfanilamide reduces the amplitude of the rise (table i) without 
perceptibly altering the rates or sequence of the potential changes. The rapidity of 
the rise makes drift a negligible factor. Nevertheless there still is considerable 
variability among unpaired nerves. Such variability therefore may be related to 
the large differences in respiratory rate among ner\'es from different frogs (7). The 
good agreement in respiratory rates between paired nerves (7) would explain the 
almost 100 per cent consistency of data obtained with pairing in these and subsequent 
experiments. 

Measurements with the demarcation potential and the double chamber confirm 
the results obtained with the injury technique (table i). 

The question may be raised as to whether the reduced recovery in sulfanilamide 
merely reflects the slowed decUne in potential during anoxia (i. e., the small initial 
fall requires a smaller rise for a return to normal) or whether the drug has a specific 
effect on the recovery process itself. The latter is suggested by one experiment in 
table I in which the potential during anoxia actually fell further in sulfanilamide and 
yet the recovery upon return to oxygen showed the greatest relative impairment. 
This conclusion.also is supported by experiments with nerves subjected to iodoacetate 
and pyruvate. Such preparations maintain their potentials for long periods, re- 
spond more rapidly than Ringer controls to anoxia and, if exposure is not too pro- 
longed, recover readily in oxygen (2). The nerves of table 2 were exposed for 31 - 
hours to both iodoacetate and pyruvate, with sulfanilamide either present or absent. 
Under these conditions sulfanilamide delays the anoxic decline only initially, the 
potential change after 100 minutes being practically the same for controls and ex- 
perimental nerves. Nevertheless the potential rise upon return to oxygen is less in 
sulfanilamide. As in the preceding experiments, the time course of recovery of these 
preparations is not altered perceptibly by the sulfonamide. 

Previous inhibition of oxygen consumption, associated with a lowering of in- 
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jury potential, also may reduce the absolute changes of potential during anoxia and 
recovety. This is obtainable by prolonged exposure of nerves to iodoacetate and 
fluoride (2). However, in contrast to the results with these inhibitors, long exposure 
(39 hours) to sulfanilamide gives injury potentials decidedly superior to the controls. 
Furthermore, the demarcation potential of nerves subjected for three to four hours 
to sulfanilamide averages about 1.5 millivolts higher than in the controls. This is 
shown by the consistently positive values obtained by subtracting the demarcation 
potentials obtained with Ringer from those with sulfanilamide at the end of baseline 
runs (table i). 

As a test for the involvement of carbonic anhydrase the effect of sulfanilamide 
on the action of CO2 also was examined. Five per cent CO2 in oxygen was the only 
mixture used. Because of the small potential changes produced, only the demarca- 
tion potential was employed. 

In preliminary experiments the entire nerves were subjected to CO2. The re- 
gion which had been soaked in the U-tube invariably showed a rapid rise in potential 
relative to the area closer to the distal end, although both were on filter strips and 
both were in the CO2 (table i and fig. lA). This rise as well as fall upon return to 
oxygen is less in sulfanilamide. 

When the action of CO2 is limited to the experimental region of the nerve by use 
of the double chamber, the magnitude of the potential changes is doubled (table i). 
This is to be expected from the elimination of the potential rise at the reference 
electrode. Figure iB is typical of the records obtained: The application of CO2 
produces a rapid initial rise followed by a secondary slower fall. Two such phases 
of CO2 action were described previously by Necheles and Gerard (10). As in the 
single chamber, the maximum rise in potential and the fall upon return to pure oxy- 
gen are reduced by sulfanilamide (table i, fig. iB). Like post-anoxic recovery, 
however, the time course of potential change is unaltered. 

The smaller rise of potential in the presence of sulfanilamide is attributable to 
two factors. One possibility is that the elevation of potential in 5 per cent CO2 
is limited to a certain maximum and sulfanilamide, by initially raising the potential 
closer to this value, restricts the amplitude of the response. In keeping with this, 
the initial difference in demarcation potentials (S-R column of table i) is about the 
same as the difference in the potential changes in CO2 of Ringer and sulfanilamide- 
soaked nerves. Another possibility is that the initial rise in CO2 is slowed beyond 
detection by the slow potentiometric procedure employed but sufficiently for the 
secondary decline to cut off the rise at a lower level of potential. Such an effect by 
the secondary decline is apparent in figure 3. 

Thiophefie-2-sulfoitamide.'’ Davenport (ii) has described thiophene-2-suLfonamide 
as a stronger inhibitor of carbonic anhydrase than sulfanilamide. It is therefore of 
interest that a lower concentration of this sulfonamide consistently produces the same 
effects with regard to demarcation potential changes in CO2 and during anoxia and 
post-anoxic recovery (table 3) . The last two sets of data also demonstrate a remark- 
able deg ree of correlation between the magnitudes of the potential changes of paired 


J Dr. R. O. Roblin, Director of th,e Chemotherapy Division 
poration, very generously supplied this material. 


of the American Cyanamide 


Cor- 
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Fig. 2. Effect of the absence of K in the extracellular spaces on the action of COi on the de- 
rnarcation potentials. Strong phosphate buffering (25 mil). 

Fig. 3. Comparison of strong and no extracellular phosphate buffering on the action 
of CO2 on the demarcation potential. 

Fig. 4. Effect of Ca on the action of COj on the demarcation potential. 

Fig. 5, A. Effect of hypertonic Ringer, 1.5 X normal tonicity by the addition of sucrose, 
on the potential of the local region to ivhich it is applied. Each point is the average of 3 experi- 
ments. B. Effect of hypertonic Ringer, 2 X normal tonicity by the addition of sucrose, on the 
weight of sciatic nerves relative to their initial weight. Arrows indicate the change to hypertonic 
solution. 

nen^es over the wide range of values obtained. This follows, too, from the remark- 
able consistenc}'- of the results. The fourth and fifth pairs of nerves from the top of 
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the anoxia series in table 3 provide further evidence for the action of the sulfonamide 
specifically on the recoverj'^ process apart from its effect on the anoxic decline (c.f. 
table 2). 

Davenport’s results might lead one to expect greater effectiveness from thio- 
phene- 2-sulfonamide tlian actually observed. However, if carbonic anhydrase is 
present in very small quantities in nerve, it would be practically saturated by both 
inhibitors. Interference by the membrane with ionic transport may be another 
limiting factor (32). A third possibilitj'- is that these sulfonamides are acting in a 
less specific fashion like cocaine and procaine (12) to reduce membrane permeability. 


Table 2. Anoxic decline and recovery in 02 (mv) of the injury potential of nerves exposed 
TO CA-FREE ringer containing 0.002 M lODOACETATE AND 0.02 M PYRUVATE (IP), 

■WITH lOO MGM. % SULFANILAMIDE ( 5 ) PRESENT OR ABSENT 


FALL IN N! 


RECOVERVINOS 


At 30 min. 

At 60 min. 

AtlOOmin. 

At 20 min. 

IPS 

IP 

IPS/IP 

IPS 

IP j 

IPS/IP 

IPS 

IP 

IPS/IP 

IPS 

IP 

IPSIIP 

6.8 

10.3 

0.66 

12 . 2 

iS -3 

o.So 

14-9 i 

15-7 i 

0-95 

1 

12.9 

16.6 

0.78 

4 -S 

8.1 

0.56 

9.1 

10-3 

0.88 

H 

d 

10.4 

0.97 1 

10.7 

13-9 i 


S-i 

5-2 

o.gS 

7-9 

7.8 

I .OI 

8.9 

8.4 

1.06 j 

8.4 

14. 8 


M: 


0-73 

0 

d 

0.99 

0,71 


Table 3. Effect of 50 MOii. % thiophene-2-sdlfonasude (/) in Ca-free ringer, compared 

WITH THAT OF CA-FREE RINGER (R), ON THE RESPONSE (MV), OF THE DEMARCATION 
POTENTIAL UNDER DIFFERENT GASEOUS CONDITIONS 


RISE IN CO 3 

fall on return to Ot 

FALL AFTER 60 UIN. IN Ns 

RECOVERY IN 02 

/ 

R 

l/R 

t 

R 

t/R 

t 


UR 


R 

t/R 

3-1 

3-8 

0.82 

2.25 

2-95 

0.76 

14.4 

20.8 

0.69 

IS-S 

25.0 

0.62 

3-1 

3.65 

0.8s 

1.9 

2-3 

0.83 

9.6 

12.0 

0.80 

15.0 

22.3 

0.67 

1.7 

4.2 

0.41 

1-3 

2-95 

0.44 

5-4 

9-9 

0.55 

5-3 

8.9 

0.60 

2.5 

3-6 

0.70 

2.15 

3-2 

0.67 

3-0 

2-3 

1.30 

7-7 

10.2 

0.76 

i-S 

1.9 

0.79 

0-95 

^'55 

0.67 

8.6 

8.9 

0.97 

13.8 

17.9 

0.77 







7.0 

10.7 

0.65. 

14.2 

18 . 5 

0.77 

M: 2.4 

3-4 

0.71 

1-7 

2.6 

0.65 

8.0 

10.8 

0.74 

II . 9 

17. 1 

0.70 


Sulfanilic acid and sulfapyridine are lacking in carbonic anhydrase activity (9). 
In three experiments tried with each substance (no mgm. per cent and saturated 
solutions respectively) no effect in either CO2 or anoxia and post-anoxia was observed. 

Poiassium. The foregoing results are in keeping with the possibility that car- 
bonic anhydrase and hydrogen ions are involved. This and the involvement of 
potassium may be tested further by appropriate modification of the ionic medium. 

Thus, if the uptake of potassium is the primaiy cause of the potential rise in 
CO2, this rise should be prevented in the absence of potassium. Such an effect is 
demonstrated in figure 2. These nerves had been soaked in a potassium- and cal- 
cium-free Rmger for 16 hours at 4°C. and then mounted at room temperature with 
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the experimental regions soaking for two more hours in either the potassium-free 
solution or, as a control, a solution containing lo mM potassium. They underwent 
the usual changes in potential upon subsequent exposure to nitrogen and return to 
oxygen. 

The length of the preliminar}’' soaking period in such potassium experiments must 
be emphasized as of great importance. Nerves taken from the same batch of spring 
frogs as used for figure 2 showed no such effect after only several hours of soaking in 
potassium-free solution; in fact, the response to CO2 was slightly and significantly 
higher. This is e.xplained by the observation by Fenn cl al. (13) that under these 
conditions potassium leaks from the fibers into the extracellular spaces for many 
hours, an effect which would prevent adequate depletion of extracellular potassium 
over short soaking periods. The finding by Fenn cl al. (13) that autumn nerves 
leak potassium less readily than nerves taken from spring animals also would explain 


Tabu: 4. Comparison of maximum demarcation potenti/U, changes (irv) induced by 5% co* 

PRIOR TO AND 45 MIN. FOLLOWING 2 HOURS OF /VNOXIA 


COl PRIOR TO ANOXIA | 

CO; FOLLO\nNG ANOXIA 

Rise in CO* 

Fall on return to Oi 

Rise in CO* 

Fall on return to O2 

3 . 2 * 

2.3* 

0.25' 

0.3* 

4-3 

4.0 

0.65 

I. I 

4.2* 

3 - 2 * 

O.IS* 

0.8* 

7.2 

5-9 

I.2S 

. 2.4 

2.8* 

3 - 5 * 

0.50* 

i-S* 

4.2 

4-3 

1.60 

2.9 

M: 4-3 

3-87 

0.77 

I-S 


Soaking medium; Ca-free Ringer’s solution. 
'Sulfanilamide, loo mgm.%, in Ca-free Ringer’s solution. 


why only two hours of soaking sufficed to halve the CO2 response in every one of 
three experiments performed earUer with winter nerves. 

The change in demarcation potential during post-anoxic recovery usually is 
greater than the decline in nitrogen (14). If these potential changes represent shifts 
in potassium, the greater rise during recovery must deplete the extracellular spaces of 
this ion. Consequently the effectiveness of COo during the recovery phase might 
be less than before anoxia. Table 4 gives the magnitudes of the demarcation po- 
tential changes produced by CO2 during these two periods. The effectiveness of 
CO2 is markedly reduced during recovery, the differences of the means under the 
two conditions being better than three times the standard deviations of the differ- 
ences. 

Bujjering. The secondary decline of potential in CO2 may be due to the rise 
of the hydrogen ion concentration in the weakly buffered extracellular spaces, a 
rise which would be slower than within the fibers for lack of carbonic anhydrase. 
The effect of different extremes of phosphate buffering of the medium therefore was 
examined. As may be seen in figure 3, the complete absence of buffer increases the 
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secondary decline markedly while very strong buffering which limits the pn change to 
a few tenths of a unit is associated with only a slight secondary decline, the general 
level of potential being well maintained. The latter suggests that a permanent up- 
take of potassium occurs in CO2 with strong buffering, a conclusion supported by the 
analytical measurements of Fenn and Cobb (15). 

It is obvious in figure 3 that the rate of secondary decline is a controlling factor 

Table 5. Effect of strong external phosphate buffering (P), 25 or 50% of isotonic 

STRENGTH IN Ca-FREE RINGER, COMPARED WITH THAT OF LOW (l MM PO4) OR NO BUFFERING IN 
CA-FREE ringer (R), on the demarcation potential (mv) of FROG NERVE UNDER DIFFERENT 
GASEOUS CONDITIONS 


CHAilBER 

INITIAL 

POTENTIAL 

DIEF. 

RISE IN COi 

FALLON RETURN 
TOO 2 

CHAMBER 

FALL AFTER 100 MIN. 
IN N 2 

MAX. RISE ON 
return TO 0: 


P-R 

p 

R 

p 

R 


p 

R 

p 

R 

A 

-1.4 

2.6 

1.6 

2.9 

1-3 

A 

4.1 

3.90 

20 . 2 

17. 1 

A 

- 2-5 

3-2 

i.g 

3-1 

2-3 

B 

7.6 

3.05 

21 .0 

II . 9 

A 

-3.0 

5-9 

4-5 

6.2 

4-3 

B 

8.5 

2.20 

23.0 

II . 2 

B 

-2.4 

4.8 

1.4 

2.0 

o.i 

B 

7-4 

7-55 

1S.7 

21 .0 

B 

— 2.0 

5-4 

2.3 

4.0 

1.8 






B 

-2.9 

6.1 

2.4 

6. 1 

0.9 







■n 

4-7 

2.4 

4-1 

H 

CO 


6.9 

4.2 


m 


m 

I -95 

2. 

00 

n 

1.65 



A — Double chamber; B — Single chamber. 


Table 6. Effect of o.oim citrate (C) in Ca-free ringer on the change in demarcation 

POTENTIAL (mv) COMPARED WITH THAT OF CALCIUM-FREE RINGER {R) UNDER DIFFERENT 

GASEOUS CONDITIONS 


INITIAL POTEN- 
TIAL DIFF. 

RISE IN CO 2 

FALL ON RETURN TO O2 

! FALL AFTER 75 MIN. ' 
1 IN N 2 

RECOVERY IN 0 : 

C-R 

c 1 

R 

c 

R 

1 

c 

R 


R 

-2.3 

2.85 

4.30 

2.30 

3-95 

II . 7 

6.7 


16.8 

-0.9s 

0.70 

2.40 

0.23 

2.00 i 

7.4 

5-7 


14.3 

-2.4s 

3.35 

5-55 

3.67 

4.90 

5.7 

— 2.2 


12.3 

M: —1.90 

2.30 

4.1 

2.1 

3-6 

8.3 i 

3-4 

20.3 1 

14.5 

C/R 

0. 

56 

0. 

58 ; 

2. 

44 

I 

.4 


in the amphtude of the potential rise in CO2. From this standpoint the consistently 
greater effectiveness of CO2 with strong buffering (table 5) provides supplementary 
evidence of a reduced secondary decline, 

A serious limitation in the use of phosphate as a buffer is its calcium-combining 
property, Chang el al. (16) have demonstrated that calcium precipitants increase 
oxygen consumption, citrate in 10 per cent of isotonic strength being more potent 
than an isotonic solution of phosphate. The action of o.oi M sodium citrate there- 
fore was examined (table 6). It is apparent citrate and phosphate are alike insofar 
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as the}'- lower the potential at the locus of application and, as might be expected from 
increased respiration, enhance the excursions of potential during anoxia and recovery. 
These effects consequently are attributable to their ability to combine with calcium. 
Citrate, however, reduces rather than increases the effectiveness of COo, presumably 
for lack of the buffering action of phosphate. 

The effect of potassium in the medium on the small secondary fall in potential 
invariably present with strong buffering also was examined. Attention to the base- 
line prior to the application of CO2 was of special importance in these experiments. 
In table 7 the absolute secondary changes in potential as well as the changes relative 
to the initial rise are compared in spring nerves which were previously soaked for 
two hours in either a potassium-free or 5 niM potassium solution. Although the po- 
tential changes are small, the absence of potassium consistently reduces the secondary 
decline. This may explain the small increase in the initial potential rise in CO2 


Table 7. Eefect of 5 mM of K in the bathing medium on magnitude of the secondaey decline 

IN DEMARCATION POTENTLVL (MV) 45 MINUTES FOLLOWING THE INITIAL MAXIMAL RISE IN 

RESPONSE TO 5 % CO: 


DECLINX IN K : 

1 

1 nneUNT OF CONTROL 

! 

DECLINE IN K 

INITIAL RISC 

1 

CONTROL DECLINE 

initial rise 

i-SS 

0.30 

0.82 

0.14 

1. 6s 

0.65 

0.55 

0.19 . 

o.So 

1 

1 0.0 

0.62 

0.0 

1. 25 

0.3s 

i 0.21 

0.0s 

2.2s 

! 

1 0.7s 

1 

0.46 

0.16 

M: 1.50 1 

0.41 

0.53 

O.II 

Na/K 0. 

27 

0. 

21 


Controls (Na) were soaked for the same period (2 hours) in a K-free solution. 


previously noted for spring nerves exposed for short periods in potassium-free solu- 
tion. 

The results in table 7 may be accounted for by considering the extracellular 
space to consist of two parts, one in good contact with the fibers and the other sepa- 
rated from the fibers by the dense sheathing material characteristic of the nerve (7). 
The initial rapid uptake of potassium in CO2 would be restricted to the former, but 
some potassium would reenter this space from that more remote, causing the poten- 
tial to fall again. The existence of a double extracellular space also is suggested by 
the significantly greater weight changes of nerves placed in a Ringer made hyper- 
tonic with sucrose than when NaCl or KCl are the hypertonic agents (unpublished). 

Calcium. The property of this ion to decrease permeability has been demon- 
strated repeatedly (17). Thus, Fenn (18) has shown that calcium delays potassium 
loss in frog nerve. Consequently it would be expected to delay ionic exchange. 

Figure 4 is typical of the action of calcium observed in all CO2 experiments. 
It slows the rise of potential even at very low, physiological concentrations, as may 
be seen from the greater length of time required for the potential to reach a maxi- 
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mum. The effectiveness of calcium is proportional to the concentration. The de- 
marcation potential was usually higher in calcium. 

Table 8 summarizes the data on the effect of calcium on the potential changes 
in CO2 and during post-anoxic recovery. Both are reduced'. The available data 
suggest a greater effect on the latter as calcium is increased, in keeping with the ef- 
fect of calcium on respiration (16). However, no effect on the time course of post- 
anoxic recovery could be noted. 

Hypertonidty. Another test for the involvement of potassium has been sug- 
gested by Wilbrandt (19), viz., increase of the intracellular potassium concentration. 
His results, obtained by making Ringer hj^pertonic with glucose, did show an in- 
crease in potential but, according to an example given, this rise was not complete 
after six hours in the hypertonic medium. 

An earlier attempt to duplicate Wilbrandt’s results with sucrose instead of glu- 
cose caused a slight fall rather than a rise in potential (5). This action of sucrose 
has been observed again and the time course of the potential decline followed (fig. 5A). 


Table 8. Action of various Ca concentrations in ringer on the response of the 

DEMARCATION POTENTIAL TO DIFFERENT GASES COMPARED WITH THAT OF 
CA-FREE CONTROL SOLUTIONS 


CainmM 

02->C02 

cos -*02 

Ni — ♦ O 2 

Ca in 

. 

05 — ♦ CO 2 

CO 2 02 


1.2 

0.70 

0.79 

0.50 

■n 

0.60 

0.67 

B 

3-2 

0.57 

0.79 

0 .60 


0.46 

0.S2 


3-2 

0.77 

0.8s 

0.73 

24.0 

0.69 

I. II 

mm 

Mean 

0.68 

p 

bo 

0.61 


0.58 

0.87 

0.37 


Values given are the ratio of potential change with Ca to that in the absence of Ca. 


A similar decline has been observed with glucose as well, whether or not calcium or 
potassium is present up to 10 per cent of isotonicity. Since this decline is complete 
in about an hour, in contrast to Wilbrandt’s observations, it was desirable to check 
on the time course of the osmotic response. 

The osmotic behavior was determined by following the weight of individual 
sciatic nerves. After several hours equilibration in Ringer a control series of weigh- 
ings was made and the nerves subsequently subjected to the hypertonic solution. 
For each weight determination the nerves were carefully blotted and then rapidly 
weighed with a Chain-o-matic precision balance. Threads fastened to the ends of 
the nerves were used for handling, their weights being determined and allowed for 
at the end of the runs. The reproducibility of the data so obtained was very good, 
the standard deviation of the mean for six preparations being 0.6 to 0.8 per cent as 
compared with the maximum weight change of more than 20 per cent. Action po- 
tentials were unaffected in hypertonic solution and upon return to Ringer, indicating 
the absence of damage to the fibers. 

Figure, 5B demonstrates the time course of weight change in 2X hypertonic 
solution (sucrose equivalent to o.ni M NaCl added to Ringer). Like the drop in 
potential, equilibrium is attained in about an hour. It must be concluded that Wil- 
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brandt’s results, although more desirable for the thesis being tested, were not due to 
an increase in intracellular potassium concentration. An explanation of his observa- 
tions is seen in his procedure for mounting the nerves: the interelectrode regions were 
immersed in mercury and therefore undoubtedly anoxic. If glucose can pro^^de 
energy for maintaining the potentials under anoxic conditions, the protracted rise of 
potential he observ'^ed would follow from the diffusion of glucose into these areas. 
Evidence for such a metabolic effect by glucose has been obtained. 

Glucose. Table 9 summarizes the effect of glucose and sucrose, added to Ringer 
in osmotically equivalent amounts, on the anoxic decline and post-anoxic recovery 
of potential at the locus of application. The decline in nitrogen is negligible in 
glucose, even when allowance is made for drift, and the recovery in ox}''gen is cor- 
respondingly small. The potential changes observed with the sucrose controls, how- 
ever, are much larger and of the magnitude obtained with other controls. 


Table 9. Effect of 1.87% glucose, in Ca-free ringer, compared with that of an equivalent 
OF SUCROSE (3.55%) ON THE ANOXIC DECLINE AND THE RECOVERY IN 0: (liv) OF THE 

demarcation potential 


FALL IN N: (after 1 HOUR) 

RECO\TRY IN O2 

(max., at 7 MIN.) 

Glucose (G) 

Sucrose (S) 

Glucose 

Sucrose 

o.6s 1 

16.3s 

1.50 

23.10 

-o-SS 

7.80 

1.8s 

13.60 

-1.70 

6.00 

6-45 

15.05 

--2. 00 

5.80 

2.90 j 

10. 10 

M : —0.9 1 

9.00 

3.18 

rS-S 

G/S 

0. I 

0.20s 


The effectiveness of glucose in reducing the potential changes associated with 
anoxia provides a specific basis for explaining the variability of the data among nerves 
from different animals. Thus, the differences may have been due to different 
amounts of glucose retained in the extracellular spaces. This retention would de- 
pend on (i) the nutritional state of the animal at the time of dissection, (2) nerve 
thickness, (3) permeability of the sheaths and (4) duration of the soaking period. 
The better agreement between nerves from the same animal would follow from the 
better control of these factors. 


DISCUSSION 

The various indirect experiments with CO2 which have been described, particu- 
larly in the light of direct chemical evidence for potassium movement under one of 
the conditions, strongly favor the involvement of hydrogen-potassium exchange. 
The increased production of CO2 during post-anoxic recovery (21) is presumptive 
evidence that the potential change during this period is mediated at least in part by 
the same fundamental mechanism. In keeping with this it has been shown that the 
potential changes during both recovery and CO2 exposure are affected similarly by 
inhibitors of carbonic anhydrase. The reduced responsiveness of nerves to CO2 
during the post-anoxic period is also in accord with this view. 
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A correlation between the potential changes in CO2 and during post-anoxic re- 
cover}^ was also observed with phosphate buffer and calcium. However, the effect 
of these agents on recovery, as in the case of citrate, is related more obviously to their 
action on respiratory rate (16) than to the ionic exchange rate. This is probably 
because during recoverj'' the return of CO2 production rather than ionic exchange is 
the limiting factor. The following considerations suggest, nevertheless, they are 
not unrelated. 

The removal of calcium from the medium, accentuated by calcium precipitants, 
may be imagined to increase the tendency of potassium to escape from the fibers. 
The existent respiratory rate and associated rate of hydrogen ion formation is now 
inadequate to retain the potassium, resulting in some loss with an accompanying de- 
polarization. As this loss progresses, a compensatory mechanism increases the rate 
of respiration and thereby increases the rate of hydrogen ion formation to the point 
where potassium leakage ceases. A new steady state will have been achieved. An 
increase in calcium would reverse this sequence. If this approach is correct, cal- 
cium has the important function of conserving the energy resources of the cell. 

In accord with this view are a) the established inverse relationship between 
respiratory rate and calcium concentration (16), h) the greater loss of potassium in 
the absence of calcium (18), and c) the consistent lowering of potential by calcium 
precipitants (tables 5 and 6). The greater excursions of potential observed during 
anoxia and post-anoxic recovery with low calcium (tables 5, 6, and 8) would follow 
from the greater dependence of the potassium level (and hence the potential) on 
respiration. The ‘stabilizing’ action of calcium against a wide variety of potential 
lowering agents (21), including anoxia (8), may represent merely a decreased rate of 
potassium leakage. The same basic action of calcium on ionic movement can ex- 
plain the ability of this ion to prevent the lowering of potential by other externally 
applied ions such as potassium. Thus, Hober (22) points out from the standpoint of 
membrane diffusion potentials that reduced mobility in the cell membrane will de- 
crease the effect of the ions on the potential. 

If the anoxic decline of potential is due to the failure of hydrogen ion production, 
a substrate like glucose, which has been demonstrated to maintain a high rate of 
lactic acid formation in nerve (23), should prevent the fall, as already demonstrated. 
Earlier observations (2) support this conclusion and point specifically to the liydro- 
gen as the ion involved. Thus, when lactic acid production is blocked with iodo- 
acetate or fluoride the anoxic decline of potential is accelerated; high concentrations 
of sodium lactate in the medium do not modify the anoxic decline whether the in- 
hibitors are present or not. The ability of lactate to counteract iodoacetate under 
aerobic conditions demonstrates that the negative effect under anoxic conditions is 
not due to impermeability, it also demonstrates a utilization at the lower end of the 
glycolytic cycle, presumably decarboxylation to form COo, under aerobic conditions. 
The earlier suggestion (2) that phosphorylations are directly associated with poten- 
tial production is not completely ruled out, but in the light of the additional evidence 
this is considered to be secondary at best to the hydrogen ion mechanism. 

^ Older observations suggest that potassium does not leave nerve or muscle fibers 
during anoxia. However, in those instances in which the techniques are described 
the results are found to be Htiated by the procedure employed. Thus, Dean (24) 
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returned frog muscles to air for the purpose of weighing them before beginning the 
analyses. Cowan (25), on finding that excitability returns in crab nerves restored to 
oxygen following a bout of anoxia concluded that potassium had not accumulated 
around the fibers previously. Both investigators make the questionable assump- 
tion that an anoxic loss of potassium is permanent. Fenn (18) has not described 
his methods, but his finding of a greater potassium concentration in frog nerve after 
anoxia suggests that recovery occurred in these experiments as well; as already pointed 
out, the different magnitudes of the potential changes during anoxia and post- 
anoxic recovery indicate a greater potassium shift in the latter phase. 

Aside from the questionable procedures employed, the significance of analytical 
studies of potassium movement must be considered from the standpoint of the mag- 
nitude of the shifts involved. An estimate may be made by applying the formula 
for a membrane concentration potential, a procedure justified by the demonstrated 
linearitj'- between the injury potential and the logarithm of the extracellular potassium 
concentration (5). Since the nerves were mounted in air, any potassium lost from 
the fibers would accumulate around them. As a first approximation the volumes of 
the intracellular and extracellular spaces may be assumed equal, hence any change, 
X, in concentration of the former will be equal but opposite to that in the latter. 

The injury potential, E, therefore would be governed hy E ~ C log -7--— y-' • 

k are the initial intracellular and extracellular potassium concentrations and C is 
taken as 30 millivolts instead of 58 to allow for short-circuiting; k usually is small, 
consequently small values of X will have a large effect on the ratio and'B. For ex- 
ample, anoxia may lower the potential about 10 millivolts in an hour. Taking E as 
40 millivolts and A as 2 mM, K is 45 mM and X, for the anoxic decline, is only 2 mM. 
Ob\dously, although the potential changes are large the potassium shifts may requure 
considerable precision for determination. Gross anatysis, of course, would indicate 
no change at all since under these conditions all potassium movement is restricted to 
the nerve trunk. On the other hand, if the fibers were in perfect contact with a 
large amount of solution, the calculation shows that a 4 per cent concentration change 
would have to be detected. Actually, of course, the dense sheaths of the nerve would 
reduce the loss. 

The hjqiothesis of potassium-hydrogen exchange requires that tire fiber mem- 
branes be permeable to hydrogen and potassium ions but impermeable (or relatively 
so) to sodium and anions. The potential and osmotic experiments by Netter (26, 27) 
indicate such is the case in frog nerve. Yeast, which has similar membrane proper- 
ties, unquestionably undergoes such exchange (28, 29). It is important to note that 
the acids providing hydrogen ions are not necessarily the same in different systems, 
which is undoubtedly related to fundamental biochemical differences. Membrane 
properties may also be a factor. Thus, the permeability of crab nerve to anions ap- 
pears to account for the different relationship of metabolism to the resting potential 


(30, 31)- 

One surprising feature of the results is the absence of a perceptible effect by 


carbonic anhydrase inhibitors on the rale of rise of potential in CO2 and during post- 
anoxic recovery. Ionic exchange and the rate of CO2 production by the nerv’^e itself 
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may contribute to this by being the limiting factors in the potential change. Booth 
(32) has found the former to Umit the effectiveness of carbonic anhydrase in the in- 
tact red cell. The initial elevation of potential in sulfanilamide may indicate a con- 
dition also of importance in this regard. For example, such an increase in potential 
would result if, under resting conditions, hydrogen and bicarbonate ions rather than 
CO2 were the first products of decarboxylation; sulfanilamide, by delaying the for- 
mation of CO2 from the ions, would increase the hydrogen ions available for exchange 
and simultaneously raise the buffering capacity of the cells. The effect on buffer- 
ing would account for the reduced response of the potential to applied or metaboli- 
cally produced CO2. The observation that cocarboxjdase does give rise to hydrogen 
and bicarbonate ions first (33) lends credence to this view, but more evidence cer- 
tainly is to be desired. 

Another surprising result is the failure of the potential to rise when the intra- 
cellular potassium concentration was increased with hypertonic solutions. This, 
however, is not necessarily evidence against the potassium gradient hypothesis. 
Thus, the injury potential of muscle (34) and invertebrate nerve (35, 36) cannot ex- 
ceed a certain maximum regardless of the steepness of the potassium gradients. This 
is associated with leakage of potassium from the fibers (34, 13). The steeper gra- 
dient produced with the hypertonic solutions also may have resulted in leakage, the 
rise in extracellular potassium thereby preventing the anticipated potential eleva- 
tion. In any event, the action of hypertonic solutions will require further study be- 
fore the relation of these results to the potassium concentration hypothesis can be 
fully evaluated. 

In view of the available evidence, the h}q)othesis of hydrogen-potassium ex- 
change is offered as a necessary and sufficient explanation of the potential changes 
under conditions of anoxia and post-anoxic recovery as well as in CO2. 

STOCUARY 

Sulfanilamide and thiophene-2-suIfonamide slow the decline of potential in 
frog nerve during anoxia and reduce the rise during post-anoxic recovery. Glucose 
prevents the anoxic decline. Five per cent CO2, which produces a rapid initial rise 
followed by a slower fall in potential, is less effective in the sulfonamides. The CO2 
response is modified by the medium around the fibers. Thus, in the absence of 
potassium it is prevented, calcium slows the initial rise, and strong phosphate buffer- 
ing reduces the secondary decline. From these and other observations it is concluded 
that the potassium gradient is at least an important source of the resting potential 
in frog nerve, and that metabolism contributes by providing hydrogen ions which, 
through exchange with extracellular potassium, serve to maintain this gradient. 

It is a pleasure to acknowledge mj' indebtedness to the many investigators at Woods Hole and 
to Dr. F. Brink who read and commented on the original manuscript, and to Dr. D. E. S. Brown for 
his stimulating interest during the course of this investigation. 
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EFFECT OF REPEATED DENERVATION UPON 
NEUROIMUSCULAR FUNCTION^ 

J. A. MORGAN, J. D, THOMSON and H. M. HINES 
From the Department of Physiology, Slate University of Icnva, College of Medicine 

IOWA CTTY, IOWA 

T his investigation was prompted by reports (i, 2) that functional recovery of 
partially denervated skeletal muscle could be enhanced by increasing the 
degree of reinnervation through branching of remaining \dable axons, a proc- 
ess known as ‘neurotripsy.’ These reports, together with the observation (3-6) that 
a certain amoimt of spontaneous functional recovery occurs in partially denerv’^ated 
muscle through the operation of peripheral mechanisms which do not involve reinner- 
vation of paralyzed muscle fibers by regenerating motor fibers, made it seem of 
interest to study the effect of repeated cycles of denervation and reinner\"ation upon 
neuromuscular function. 

The experimental procedures which were employed in this study were similar to those described 
in a previous report (7). All operative procedures were done under ether anesthesia. Total dener- 
vation of the gastrocnemius muscle of the rat was accomplished by crushing the tibial nerve at its 
junction with the peroneal nith a heavy linen ligature against a brass rod. The nerve is all but 
severed b}' this procedure and the traiunatized segment is soon filled ndth blood. The repeated 
crushings of the nerve were performed as near the same location as possible. Forty-two days of re 
covery were allowed to elapse between crushing operations. In one group of animals the nerve and 
muscle of the unoperated contralateral limb served as a control. In another group the experimental 
limb was subjected to two or three nerve crushes at 42-day intervals and was matched against controls 
which had been denervated once. Studies of the weight and strength of the control and experimental 
gastrocnemii were made at 21,42 and 84 days after the final denervation. For measurements of mus- 
cle strength the tendon of Achilles was cut and attached to a Blix-tj'pe torsion rod and the femur was 
fixed in a rigid clamp. The muscle was stimulated directly by volleys of slightly supermaximal 
stimuli applied to the muscle through needle electrodes and indirectly by volleys of supermaximal 
condenser discharges delivered to the tibial nerve through adjustable silver electrodes. The fre- 
quency and strength of the electrical shocks were such as to evoke maximal isometric tetanus tension 
responses in the muscle. The extent of muscle shortening was measured from optical records and 
the strength was considered to be the maximal tension which developed in response to' either direct 
stimulation of the muscle or of its motor nerve. The tension responses of nondenervated muscle to 
direct and indirect stimulation were approximately equal under these conditions. At the conclusion 
of the strength measurements the gastrocnemii were dissected out and weighed. 

A total of 120 female albino rats of the Sprague-Dawley strain, closely matched as to age and 
body weight, was used in this study. Care was taken to match the animals as to age at the time of 
the final denervation operation when the effects of repetitive denervations were compared with the 
effects of single denervations. 


RESULTS .AND DISCUSSION 

The data and calculations presented in figure i and table i take into consider- 
ation that about 15 per cent of the weight of the normal gastrocnemius muscle of the 
rat consists of nonmuscle cell phase and 85 per cent represents muscle cell phase (8). 
The nonm uscle cell fraction is made up of connective and nerv^e tissue, blood vessels, 
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etc. and is not directly concerned with tension development. The absolute amount of 
this phase is essentially unaltered during atrophy and regeneration. The changes 
in weight which a muscle undergoes during atrophy and regeneration are chiefly 
related to changes in the amounts of muscle cell phase. It has been shown (g) that 
muscle weight loss after a single denervation follows the equation of a reaction of the 
first order, i.e., weight loss at any given time is a constant fraction of the losable 
weight existing at tliat time. It is apparent that different ratios exist for muscle 
cell and nonmuscle cell phases at 42 days after denervation, a time at which regener- 
ation is incomplete, than those found in normal control muscle. These consider- 
ations made it desirable to express the changes in muscle weight and strength on the 
basis of muscle cell phase rather than upon total muscle weight. The data on tlie 
effects of repeated denervations were analyzed on the assumption that the degree of 
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Fig. 1. Effects of repeated denervation on the weight and strength of the gastrocnemius 
muscle of the rat. 


atrophy and subsequent regeneration would be influenced by tlie amount of muscle 
cell phase present at the time of any denervation. 

Measurements made at 21 days after denervation (fig. i, table i) show that after 
one, two or three nerve crushes muscle weight and strength, when expressed as per 
cent of values found in unoperated controls, differed only slightly. Also, muscle 
tension elicited by nerve stimulation, expressed as per cent of that elicited by direct 
stimulation, varied only slightly whether the nerve had been crushed once, twice or 
three times. Thus the degree of change which took place during this essentially 
degenerative period was of about the same magnitude after repeated denervations as 
after a single denervation. These findings mean that the amount of atrophy which 
followed any denervation was related to the amount of losable weight (muscle cell 
phase) present in the muscle at the time of any one denervation and was unaffected 
by tlie occurrence of previous denervations. 
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The data obtained in studies made at 42 days after terminal denervation af- 
forded an opportunity for evaluating the changes which took place during a period 
in which reinnervation and regeneration were predominant. The studies showed 
that the weight and strength of regenerating muscle were slightly greater after two or 
three denervations tlian after a single denervation. The tension developed in re- 


Tabij; I. Summary of the effect of repeated denervation on the strength and 
WEIGHT OF THE GASTROCNEMIUS MUSCLE OF THE RAT 
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sponse to nerve stimulation, in per cent of tension developed in response to direct 
stimulation, was sUghtly higher in tlie double and triple denervations than after 
single denervations. 

At tlie 84th day, when regeneration was nearly complete, comparisons of the 
effects of two deneivations witli a single denervation showed tliat tension and weight 
values and the ratios of tension elicited through nerve stimulation to that through 
direct stimulation were essentiaUy of the same order in both groups. The volume of 
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reinnervation at this time was essentially normal in both the single and repeated 
denervation groups. 

The findings described above were also apparent in the experiments in which the 
controls for tlie repeated lesions consisted of singly denervated muscles. These 
findings as a whole show that skeletal muscle can be subjected to repeated dener- 
vation by nerve crushing without significantly altering the course of subsequent 
reinnervation and regeneration. The accumulative effects of repeated denervations 
were slight and in tlie direction of more effective reinnervation and regeneration. 

It is of interest to speculate as to whether comparable results would have been 
obtained if, instead of denervation by nerv^e crushing, some other procedure such as 
section and suture had been employed. The latter method would have offered a 
better opportunity for reinnervation tlirough axon branching but less favorable 
opportunities because of a greater scar tissue barrier. The method of denervation 
employed in these studies was the one which offered the promise of the most con- 
sistent responses in terms of quantitative atrophy and regeneration. 

SUMMARY 

The left tibial nerves of 120 female albino rats were crushed once, twice or tliree 
times, at intervals of 42 days. Strength and wet weight of the muscles supplied by 
these nerves were measured at 21, 42 and 84 days after the terminal lesion and 
compared with values obtained from unoperated control muscles. Comparisons were 
also made between muscles whose nerves had been crushed twice or three times and 
tliose whose nerves had been crushed only once. 

Measurements of weight changes (calculated on the basis of muscle cell phase 
changes), tension per gram of contractile tissue (elicited by both indirect and direct 
stimulation) and tension by nerve stimulation in per cent of tension by direct stimu- 
lation show that a) during the predominantly degenerative phase (21 days after the 
last lesion) values from one, two and three crushes showed no significant variation ; 
b) during the predominantly regenerative phase (42 days) values were slightly higher 
after two and three crushes than after one, and c) during tlie pliase of nearly complete 
recovery (84 days) values after two crushes were very nearly the same as after a 
single crush . 

These results indicate that skeletal muscle can undergo repeated cycles of 
denervation atrophy and recoverj'^ witliout being significantly impaired in its re- 
generative capacity. The accumulative effects of such procedures are of small 
magnitude and point in the direction of a more effective reinnervation and recovery 
during the regenerative phase. 
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ROLE OF ACETYLCHOLINE IN THE ACTIVITY OF 
SENSORI-MOTOR AND SUPPRESSOR 
AREAS OF THE CORTEX^ 

SIBYL BECKETT and E. GELLHORN 
From the Department of Physiology, University of Minnesota Medical School 

MINNEAPOLIS, MINNESOTA 

T hat acetylcholine (ACh) with or without eserine exerts an excitatorj^ effect 
on cortical activity has been shown by the study of cortical potentials (1-3), 
and by the observation that excitatory motor phenomena follow the applica- 
tion of eserine or ACh to the motor cortex (4, 5). Since no experiments seem to have 
been reported in the literature in which the role of ACh for the cortical suppressor 
areas has been investigated this action was studied. In addition, some experiments 
on the effect of cholinesterase (ChE) on cortical potentials are likewise reported. 

METHOD 

The experiments were performed in dial-urethane anesthesia mostly on cats but 
a few rabbits and three monkeys (macacque) were used also. In the exposure of 
the lateral surface of the brain and in the bipolar recording of the potentials the tech- 
nique was the same as in previous papers from this laboratory. 

Eserine sulfate (1%), ACh chloride (10%), Acetyl-beta-methyl choline (Merck) (2.5-10%) and 
ChE (1-2%) were used. The above solutions were diluted in mammalian Ringer or saline and the 
pH adjusted to 6.6. Controls were run with mammalian Ringer or saline adjusted to the same pH. 

The ChE was prepared from dog pancreas following the method described by Mendel and 
Mundell (6), with minor modifications and omitting precipitation with ammonium sulfate at 0.5 
saturation and succeeding steps. The activity of the ChE was determined at room temperature 
(24°C.) by electrometric titration with a Coleman pH meter using i cc. of a i per cent acetylcholine 
and o.i cc. of a o.i per cent ChE solution. It was found that i mgm. of ChE hydrolyzed 0.225 mgm. 
ACh per minute. 

In addition to the in vitro studies ChE was also tested on biological assay preparations. It 
prevented the usual responses of the rectus abdominis muscle and the Straub heart preparation to 
ACh and this effect was abolished after heating (cf. table i). 

The effect of ACh and eserine or of ChE on normal brain activity was investi- 
gated by applying the substance being studied to the cortex either on strips of filter 
paper 1x4 mm. placed between the electrodes or on discs about 4 mm. in diameter 
with small sectors cut out for the electrodes. The effect of filter paper dipped in 
saline served as control. 

The action of ACh and eserine on suppressor areas was studied by means of 
electrocorticograms and electromyograms, the latter elicited by stimulation of the 
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motor cortex. The lateral suppressor areas were identified on the basis of the maps 
of Carol (5) for the cat and of Dusser de Barenne and McCulloch (7) for the monkey. 
Area 24 or the corresponding region in the cat was first tested electrically, stimulation 
resulting in pupillary dilation and/or suppression of motor activity. Electromyo- 
grams were generally recorded from the following hindleg muscles; semimembranosus 
and tendinosus, gastrocnemius and tibialis. When electromyograms were recorded 
the motor cortex was stimulated bipolarly at constant intervals with condenser dis- 

Table 1. 

Response of the rectus abdominis (frog) to acetylcholine before and after treatment 

WITH CHOLINESTERASE 

Test Solution Height of Contraction 


1. ACh I ; 660,000 7.5 miB. 

2. ACh 1:660,000 7.5 mm. 

3. ChE 1:5,000 for 5 min., then ACh 1:660,000 3.5 mm. 

4 > ACh 1:660,000 5.0 mm. 

5, ACh 1:660,000 8.0 mm. 



Fig. I. Cerebral cortex of the cat (5). Numbers refer to the sites mentioned at the left 
side of the records or in the legends to the figures; i, intermediate, p, posterior suppressor area. 

charges, frequency 90, duration 10 sigma, for five seconds. The cortical sites used 
in this study are indicated in figure i for the cat. 

1 . Role or ACh in the activity of the suppressor areas. Although failure to stimu- 
late the suppressor areas was not uncommon even with electrical stimuli, data were 
obtained showing that ACh and eserine were effective stimulants. In these experi- 
ments the action of the suppressor areas was demonstrable as a decline in or complete 
suppression of cortical potentials, cortically induced movements or spontaneous 
movements such as tremor. 

Figure 2 illustrates suppression of cortical activity at sites 10- and 2 on the 


- cf. figure I for the sites stimulated. 
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right cortex. Control activity was recorded for 13 minutes. Application of saline- 
soaked filter papers to both right intermediate and posterior suppressor areas {i and 
p of fig. i) and their removal in no way altered the cortical potentials (A). Then 
one per cent eserine was applied to the same sites and caused no change in cortical 
potentials (B). However, after it had been replaced by 10 per cent ACh complete 
suppression of R 10 and partial suppression of R 2 occurred (C and D). Three min- 
utes after ACh application R 10 exliibited partial recovery (E) lasting for tliree 
minutes. This stage was followed by suppression of both sites for 10 minutes (F). 
Removal of ACh led to recovery of the potentials (G) which was not complete until 
20 minutes later. 

On the same animal a second suppression experiment was attempted by using 
the left suppressor areas and recording potentials from siles 10 and ii of that side 
(fig. 3). This experiment was unique among several suppression experiments in 
that suppression followed the application of eserine without succeeding administra- 
tion of ACh. Spontaneous cortical activity recorded for lo-minute periods was the 
same before, during and after the application of saline to the left intermediate and 
posterior suppressor areas (A). One per cent eserine was applied to both suppressor 
areas and induced at first no changes in the E. C. G. (B). Several minutes later 
suppression of cortical activity began (C) and increased (D, E). Inasmuch as the 
suppression differed in onset and duration for the two sites, the possibility that these 
changes are due to circulatory disturbances can be ruled out. 

Eserine and ACh applied to the left intermediate and posterior suppressor areas 
of another cat caused bilateral suppression of cortical activity. Complete suppres- 
sion lasted for five and one-half minutes on the right side and seven and one half 
minutes on the left. Recovery was complete five minutes after the ACh w^as re- 
moved and the brain washed. 

One experiment on a monkey indicated that the leg region of 2S when excited 
by eserine plus ACh suppressed activity only in the leg region of areas i and 4 (fig. 4). 
The electrocorticogram was recorded for 45 minutes prior to the test and remained 
unaltered after saline was applied to the leg region of 2s and after its removal (A). 
One per cent eserine alone had no effect (B), but about one minute after it was re- 
placed by 10 per cent ACh, spontaneous activity was suppressed in the leg areas (C). 
Site HI (arm region of area 4)^ remained unchanged while I and IJ (leg region) 
showed the greatest suppression (D). Progressive degrees of recovery are recorded 
in E to G. They are noteworthy for two reasons: a) record F shows more ‘dial, 
potentials than were seen under control conditions; h) record G taken several minutes 
later shows large frequent potentials while ‘dial’ groups are completely absent’ 
These data suggest that during the recovery from corticaUy induced suppressionss 
the cortex passes through a stage of deeper anesthesia to one of relative excitation. 
The latter seems to be analogous to the ‘rebound’ of cortical potentials commonly 
seen on recovery from anoxia and asphyxia (8). 

The effect of excitation of the medial suppressor area with eserine and ACh on 
corticaUy induced movements may be seen in figure 5. E. M. G.’s indicated that 
the muscle responses to stimulation of the motor cortex under control condition. 


» The activity in the arm region of area i which is not included in figure 4 was likewise unaltered. 
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(A) and after application of eserine (B) were constant. C taken after lo per cent 
ACh had been applied to the suppressor area showed complete suppression of the 
previous slightly responding hamstring muscles and almost complete suppression of 
tibial activity. The onset of response of the tibialis is much delayed when compared 
with the onset of responses a and b. After removal of ACh recovery occurred (D). 

In another cat evidence was obtained for suppression of a spontaneous tremor 
as well as of cortically induced movements. This suppression (fig. 6) occurred when 
the application of eserine to the medial suppressor area followed that of mecholyl. 
Mecholyl alone was ineffective on spontaneous activity as well as on responses of 
muscles to cortical stimuli (A, A'). B and B' show that eserine had no effect at first, 
but later spontaneous activity ceased (C') and the response to cortical stimulation 
decreased greatly (C). Ten minutes after eserine had been applied there was a 
slight recovery of brain function indicated by the reappearance of some spontaneous 
activity (D') and greater response to cortical stimulation (D). After eserine had 
been removed complete recovery occurred (E and E'). 

II. ChE and spontaneous cortical activity. ChE applied to various parts of the 
cerebral cortex resulted in diminished activity characterized by potentials of de- 
creased amphtude and frequency. Figure 7 illustrates this effect on the cortex of a 
monkey. Similar records were obtained on rabbits. All effects were reversible. 

In experiments performed on cats the control activity consisted primarily of 
groups of ‘dial’ potentials. Under these conditions ChE diminished the amplitude 
of the ‘dial’ bursts without altering the frequenc3\ More rarely the spontaneous- 
activity was completely eliminated. 

The characteristic effect of ChE usually occurred 2 to 12 minutes after the ini- 
tial application. Sometimes ChE and control filter papers were resoaked in their 
original solutions. Occasionally this replenishment was necessary to alter cortical 
activity with ChE. In other observations the second application started a second 
depression after partial or complete recovery from a previous one. 

Potentials from other cortical sites serving as controls (cf. fig. 7) were always 
recorded simultaneously to eliminate the possibility of a decline in brain activity due 
to circulatory changes. Such changes would occur simultaneously in all regions. 
The diminution in cortical potentials produced by ChE seldom lasted more than four 
minutes. When the period of decline was shcr;, recovery usually occurred while the 
ChE was still in place; in other experiments recovery generally followed ChE re- 
moval and washing of the cortex within three minutes. 

III. ACh and cortical responsiveness to afferent stimuli. That ACh plays a 
role in the responsiveness of the cortex to afferent stimuli was shown in a series of 
experiments in which the effect of stimulation of the sciatic nerve on cortical poten- 
tials was studied after ACh, eserine or ChE had been applied to one or more cortical 


Fig. 2. SuPPKESSION OP E.C.G. POLLOWING APPLICATION OP ESERINE (Es) AND ACETYLCHOLINE 
(Ac) TO LATERAL SUPPRESSOR AREAS. Cat: 2nd experimental day. Horizontal line, s sec. Calibra- 
tion, 150 microvolts. A. Control (8 min. after saline removed). B. 55 min. after 1% Es on inter- 
mediate and posterior suppressor areas. C. | min. after 10 per cent Ac on suppressor areas. D, 
E, F and G. 2,5, 4.5, 8.5 and 24.5 min. after Ac, respectively. H. 45 min. after Ac washed off. 

Fig. 3. Suppression op e.c.g. pollovtng application op Es to lateral suppressor areas, 
SECOND EXPERIMENTAL DAY. Horizontal line, 5 sec. Calibration, 150 microvolts. j4. Control (s 
min. after saline was removed.) B, C, D, E, F and G. One, 8.5, 10.5, 13 and 16.5 min. after Es. 




■ (rW*Sm7'W4 




FIG 4‘ 


Fig 4. Suppression of e.c.g. of leg region of areas i and 4 eollowing application of 
Es AND Ac TO LEG REGION OF AREA 2 S. Monkey: I, leg region of area 4: II W rejorofarea i 

-1. <-ontrol (4 min. after saline removed). B. 9 min. after 1% Es on le<- reeion of nre-, r r 
mm. 4S sec. after 10% Ac on leg region of 2s. D, E and F 2I 4 andV^/mfn nO. T % 

mm. after Ac washed off and 13 min. after Ac applied 4, and 6.5 mm. after Ac. G. 2.5 
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FIG 8 


Fig. s. Suppression of e.m.g.’s following application of Es and Ac to medial suppressor 
AREA. Cat: left cortex removed. E.M.G.’s from left semimembranosus and tendinosus muscles 
(H) and left tibialis (T). Horizontal line, 2 sec. Calibration, 100 microvolts. Right motor cortex 
everjf 3 min. with condenser discharges for 5 sec. between arrows with 4.8 volts, go/sec. A. Control. 
B. 8 min. after 1% Es on medial suppressor area. C. 2 min. after 10 per cent Ac on medial suppres- 
sor area. D. 2.25 min. after Ac removed and cortex ivashed. 

Fig. 6. Suppression of spontaneous and cortically induced e.m.g.’s by application of 
Es FOLLOWING acetyl-beta-methyl-choline to medial suppressor area. Cal: 2nd experimental 
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sites while other sites treated with saline served as controls. It was found that ACh, 
eserine or the combination of both increased the response of the cortex to sciatic 
stimulation, the type of response being similar to that previously described (9). On 
the other hand pretreatment of a cortical site with ChE diminished or abolished the 
response to sciatic stimulation. Figure 8 shows such an effect in spite of the fact 
that the resting cortical activity was altered but slightly by topical application of 
ChE. Whereas the E. C. G. showed large frequent potentials during the stimulation 
of the sciatic nerve prior to the application of ChE (A) the response after application 
of ChE consisted of potentials of very low amplitude and increased frequency. This 
effect was reversible (C). In the light of earlier work (ii) this type of reaction seems 
to indicate that ChE diminishes the action of afferent impulses on the cortex although 
this action as well as that on spontaneous activity was not always demonstrable. 


DISCUSSION 

The experiments have clearly established the fact that the lateral and medial 
suppressor areas of cat and monkey can be stimulated by local application of eserine 
plus ACh. Such stimulation calls forth the two forms of cortically induced suppres- 
sions (6) which result in a diminution of cortical potentials and/or in a suppression 
of movements induced by electrical stimulation of the motor cortex. The spon- 
taneous activity not infrequently seen in recording E. M. G.’s of lightly anesthetized 
monkeys is likewise suppressed. All effects are reversible. 

Several authors mentioned in the introduction noted that eserine plus ACh ex- 
cite cortical neurons. Our own experiments have shown that the medial and lateral 
suppressor areas may likewise be excited by ACh or mecholyl particularly under the 
stabilizing influence of eserine. Evidence has also been obtained showing that 
changes in the cortical potentials which result from stimulation of the sciatic are 
more marked after topical application of eserine plus ACh than in preceding and 
following control experiments. On the other hand our experiments have demon- 
strated that topical pretreatment of a cortical site with ChE reduces or abolishes 
spontaneous cortical activity in cat and monkey (confirming Tokaji’s observation on 
the brain of the frog), (12) and diminishes the effect of sciatic stimulation on the E. 
C. G. 


day, both suppressor areas exposed. E.M.G.’s from right semimembranosus and tendinosus muscles 
(H) and right tibialis (T). Calibration, 50 microvolts. Left horizontal line, 2 sec.; right, 4 sec. 
Left motor cortex with 4.0 volt condenser discharges for 5 sec. every 25 min. (except when sub- 
stances were applied or removed at which time a longer interval occurred between stimuli). Right- 
hand column labeled A'-E' is spontaneous activity just preceding each stimulation. In previous 
e^eriment 25% acetyl-beta-methyl-choline applied to both suppressor areas. A. Control. B. 
2i min. after one per cent Es on right and left medial suppressor areas. C. and D. six and 10 min 
respectively, after Es. E. min. after Es washed off. ’ 

Fig. 7. Effect of cholinesterase on spontaneous cortical activity. Monkey: I., E.C.G. 
from arm region area i; II, E.C.G. from leg region area i. Horizontal line, 5 sec. Calibration, 150 
microvolts. A. Control. 5 . 2 min. after cholinesterase i : 100 applied to I, saline to II C Re- 
covery 45 min. after B. 

rig. 8 . Effect of cholinesterase on the cortical response (site ii) to sciatic stimula- 
tion in the CAT. SUmulation of the sciatic (n V, 90/sec., for 10 seconds) between vertical lines 

ff- “ after apphcauon of cholinesterase 1:100. C. 16' 15" after application 
ana ii 30 after removal of cholinesterase. 
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These data warrant the statement that the activit}’’ of sensori-motor and sup- 
pressor neurons may be increased by ACh or factors stabilizing this substance 
(eserine) and decreased by factors increasing its rate of destruction (ChE). 

The observation that AClr with eserine may induce excitation of motor as well 
as suppressor neurons of the cortex in a manner similar to that induced by electrical 
stimulation suggests that ACh is an important link in the chain of chemical events 
associated with excitation of cortical neurons. The investigations of Abdon (13, 14) 
showing that a precursor of ACh breaks down in conjunction with the activity of 
heart and skeletal muscle and that these processes are independent of stimulation 
of nerves seem to support such an interpretation. 

No attempt has yet been made in the experiments reported in this paper and 
in the investigations of Miller, Chatfield, Merritt and their collaborators (2-4) to 
determine whether or not in the reactions studied synaptic transmission is essentially 
altered. 


SUMMARY 

The topical application of acetylcholine, eserine and cholinesterase prepared 
from the pancreas of dogs exerts the following effects on the cortex of the brain in 
cats and monkeys: i. Eserine with acetylcholine stimulates suppressor areas as in- 
dicated by temporary suppression or diminution of cortical electrical activity and 
by temporary elimination of the responsiveness of the motor cortex to electrical 
stimulation as recorded by electromyograms. These substances also increase the 
responsiveness of the cortex to afferent stimuli as indicated by electrocorticograms. 
2. Cholinesterase diminishes cortical activity and the responsiveness to afferent 
stimuli. 

It is inferred from these observations and the data reported in the literature 
that acetylcholine is linked up with the process of excitation in motor, sensory and 
suppressor neurons on the cortex. 
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EFFECT OF AGE ON LETHALITY OF 
DI-ISOPROPYL FLUOROPHOSPHATE 

ALFRED M. FREEDMAN and HAROLD E. HIMWICH 

From the CUnkal Research Branch, Medical Division, Army Chemical Center 

SrARYLAND 

T he role of acetylcholine in the central nervous system has as yet not been 
clearly established, although it is widely held that this substance participates in 
the propagation of the impulse in the peripheral nervous system. Due to the 
small quantities of acetylcholine present in the tissues and the great rapidit}'^ of its 
hydrolysis, direct study is well-nigh impossible (i). As has proved the case in analo- 
gous situations, the methods of enzyme chemistry have been helpful in the solution of 
this problem. The activity of acetylcholine is intimately bound up with the enzyme 
that hydrolyzes it, namely cholinesterase. Depression of cholinesterase permits accu- 
mulation of acetylcholine. On the other hand," increase in the activity of cholin- 
esterase decreases acetylcholine. Since cholinesterase is a stable enzyme and can be 
determined readily by reliable methods, investigation of this enzyme yields significant 
information concerning acetylcholine. 

In the past decade, study in this manner of the acetylcholine-cholinesterase relationship has 
advanced our knowledge of nervous mechanisms. Yet there is no unanimity of opinion, particularly 
in regard to the central nervous system. Some investigators in this field hold that the acetylcholine- 
cholinesterase relationship is crucial and indispensable for normal functioning of the brain; others 
believe that it is without such significance (2,3). The discovery of the action of di-isopropyl fluoro- 
phosphate (DFP), a toxic compound which either irreversibly inhibits or destroys cholinesterase (4), 
opened new pathways for the investigation of nervous mechanism both in the peripheral and central 
nervous system. Aside from its anticholinesterase effect, DFP has no action that has been con- 
clusively demonstrated. This anticholinesterase activity, however, is powerful and specific and is, 
therefore, an important tool for the study of acetylcholine. 

If two animal populations could be found that differed markedly in the cholin- 
esterase concentration of the brain, the presence or absence of a variation in response 
to DFP might be indicative of the relative importance of this brain enzyme and its 
substrate, acetylcholine. Since Nachmansohn (5) has shown that the brain cholin- 
esterase concentration of the adult rat is more than four times that of a newborn and 
Welshe and Hyde (6) have also demonstrated that the brain acetylcholine content of 
the adult rat is four times that of a newborn, our two populations were available. 

The experiments were conducted in two parts: first the relative susceptibility of 
rats of various ages to DFP was studied; secondly, the mechanism of the difference 
was investigated. 

Received for publication February 24, 1948. 
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IMETHODS 

DFP was weighed out in amounts of 200 to 300 mgm. and placed in hard glass 
ampules. Ampules were crushed in known volumes of propylene glycol. The 
propylene glycol solution was then diluted with appropriate amounts of normal saline 
yielding solutions requiring the injection of o.i to 0.5 cc. per animal. 

Stock white jats of both sexes and of various ages were used in these e.xperiments, 
the adults weighing up to 200 grams. Injections were made subcutaneously and 
intraperitoneally. In the case of the very young rats, arterial clamps were used to 
seal the needle puncture in order to prevent loss of even small amounts of fluid. For 
controls, newborn rats were injected with the vehicle used for the DFP. 

' To obtain information on the part played by the brain in the reaction to DFP, 
brain cholinesterase was determined on newborn and adult rats 30 minutes following 
the subcutaneous injection of 2.0 mgm/kgm. DFP. The method was the manometric 
technic using the Warburg respirometer (5, 7). A remarkable lowering of cholin- 
esterase activity was found with this amount of DFP, so that the usual concentration 


Table i. DFP eetenxion in rat brain 



AKTICTPATED VALUE 

ACTUAL VALUE 

INTTIBITION' 




% 

Adult 




I 

376 

361 

4 

2 

194 

i8s 

S-4 

3 

196 

201 

— 

Newborn 




I 

39 

38 

2.6 

2 

198 

200 

— 

3 

103 

143 

1 

4 

143 

129 

10 


of brain homogenate introduced into the respiratory chamber in dealing with the 
normal rat was inadequate to produce measurable quantities of CO2. Using varying 
amounts of the same brain homogenate it was observed that 250 to 400 mgm. of brain 
were necessary in each respiratory chamber. 'When such large amounts of brain are 
used in each flask the COo and acid retention by protein becomes very important (8). 
The acid retention determined in the manner described by Umbreit (8) and Dixon (9) 
was found to alter the flask constant significantly both in the adult and in the new- 
born. On the other hand, COo retention (8) was not of importance. Thus, in all 
determinations of DFP-poisoned animals protein retention was taken into account. 

Another possible correction to be considered is the DFP which might be retained 
in the brain tissue, and therefore might lower the actual cholinesterase activity during 
grinding. The DFP retention was checked in the manner described by Bullock et al. 
(10), but no significant retention was disclosed (table i). 

Lastty, the brain cholinesterase in adult rats was determined 30 minutes follow- 
ing the subcutaneous injections of varying amounts of DFP. Clinical signs were 
carefully observed. 
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REStTLTS 

The results of the subcutaneous injection of 175 rats are summarized in figure i. 
In this diagram five-hours’ survival are charted in order to avoid confusion with 
secondarj^ effects such as inanition, but the results on a 48'hour basis are essentially 
similar. First, it may be noted that all the newborn controls survived; second, that 
all injected newborns succumbed; third, with advance of age a generally increasing 
resistance up to a 73 per cent survival in the adult rats occurred. 



CONTROLS 

Fig. 1 

The results of the intraperitoneal injections are, in general, in keeping with those 
obtained by subcutaneous injection. 

Table 2 indicates brain cholinesterase activity in the adult and newborn normal 
rat and again after DFP. One is immediately struck by the marked lowering of 
brain cholinesterase activity by DFP— a decrease from 917 to 27 cu. mm COo/100 
mgm. tissue/hr. in the adult and from 186 to 8 in the infant. Although the absolute 
amount of activity is significantly greater in the adult than the infant, the per cent 
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remaining is approximately the same — 3 per cent in the adult and 4 per cent in the 
newborn. 

The correlation between increasing severity of clinical signs and diminution of 
brain cholinesterase activity is brought out in table 3. The correlation observed in 
the adult rat is so consistent that it can scarcely be considered to be fortuitous. 
Furthermore, it appears that the critical level of brain cholinesterase activity per- 
mitting survival in the adult lies between 16 and 39 cu. mm. CO2/100 mgm. tissue/hr. 


Table 2. Brain cholinesterase CO2 cu mm/ioo mgm. brain/hr. dfp 2 mgm/kgm subcutaneous 



CONTROL j 

DFP 

REilAlNlNG ACTIVITY 


i 






/O 

Adult 

917 ±168.6 

27.3 ±5.96 

3 

Newborn 

186 ±45.12 

8.1 ±3.96 

4 


Table 3. Relationship betivteen clinical signs or dpp toxicity and brain 

cholinesterase activity 


NO. 

DFP 

ugu/kgm. 

SUBCUT. 

CLINICAL SIGNS 

BR.\IN 

CHOLINESTERASE 

COs/100 

ucu./brain/hr. 

6 

wm 

None 

917 

3 


Increased mouth movements, esopthalmos. 

256-409 

7 

1 

Slight trembling, fasciculation, moderate weakness of the 
hind limbs, some h3'per-reactivity on tapping spine, 
'champing’. 

60-178 

8 

■ 

Marked salivation, ‘champing’, pronounced weakness of all 
limbs, inabilitj" to crawl, exaggerated trembling, marked 
hj^per-reactivity on tapping spine. 

20-39 

6 

■ 

Above signs in more severe form, tonic and clonic convul- 
sions, either in extremis or dead. 

11-16 


It is of interest to note that the signs observed in the newborn poisoned with 2 
mgm/kgm. DFP were at first ‘champing’, then increased motion of the limbs, worm- 
like movements of the body, cyanosis, cessation of respiratory movements and, 
eventually, death. 


DISCUSSION 

In order to explain the marked difference in susceptibility to DFP between the 
adult and newborn several possibilities must be entertained. First, one may consider 
the possibility of different rates of absorption from the subcutaneous tissue of the 
adult and the newborn. However, the essential similarities in the results using either 
the subcutaneous or the intrap eritoneal route is evidence against any such expla- 
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nation. Secondly, one may hold that the adult might be able to deviate and retain 
more DFP in the lipoid substance in the cerebral white matter which is much more 
abundant in the adult. However, investigation of the DFP retention has shown that 
such is not the case (table i). By the same token, the failure to demonstrate sig- 
nificant DFP retention in the newborn brain indicates that the detoxification appa- 
ratus of the newborn is adequate for this dose of DFP and that the inability to destroy 
DFP does not explain the higher mortality in the newborn. Third, it is possible that 
the greater resistance of the adult is associated with the higher level of cholinesterase 
activities in the mature brain. The adult initially presents a higher level of cholin- 
esterase activity than the newborn. Both groups suffer a per cent depression of equal 
amount after the injection of DFP. However, the adult is left with a higher absolute 
cholinesterase activity because of its higher starting value. Thus the adult rat 
retains an amount which in most cases appears sufficient to sustain life. On the other 
hand, the newborn begmning with a less intense activity is left with a lower value. 
It is not known if the crucial level of brain cholinesterase activity is identical for the 
adult and the newborn. If one assumes they are approximately the same, then the 
longer survival in the adult is related to its higher level of brain cholinesterase. The 
possibility remains, however, that the infant requires a lesser activity than the adult 
to sustain life, a possibility that can be decided only by further work. This great 
sensitivity of the newborn is in striking contrast to its greater resistance in other con- 
ditions such as anoxia (ii), hypoglycemia (12), morphine poisoning (13) and alcohol 
toxicity (14). However, this is consistent with its greater sensitivity to bar- 
biturates (15). 

The greater vulnerability of the newborn rat to an anticholinesterase has many 
implications. It is well known that human infants are much more prone to convul- 
sive episodes than adults. Since it has been suggested by many that convulsions are 
frequently associated with an excess of acetylcholine (16, 17), this tendency of the 
young toward convulsions may be due to their greater sensitivity to various anti- 
chohnesterases both physiological and patliological. In the latter regard, one may 
recall that Gesell (18) has shown that CO2 is a most potent anticholinesterase. 

Finally, we may discuss the role of the acetylcholine-cholinesterase relationship 
■ in the central nervous system. Investigators in this field have long regarded changes 
in cholinesterase as an indicator of reciprocal changes in acetylcholine; thus a dimi- 
nution of cholinesterase activity is accompanied for a period of time by an excessive 
accumulation of acetylcholine. Further, the symptoms of acute DFP toxicity have 
been considered to be those of acetylcholine accumulation. Since it has been sug- 
gested in these experunents that survival in the presence of an anticholinesterase is 
correlated with the maintenance of a high level of cholinesterase in the brain, these 
findings add further evidence that preservation of the balance in the acetylcholine- 
cholinesterase relationship is crucial for the normal functioning of the brain. 

SUMMARY 

I. Ne\yborn rats are much more sensitive to DFP than adults. During the 
growth period, resistance to DFP increases with age until the rat is about 120 days 
old. The impaired resistance of the newborn has been tentatively explained on the 
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basis of lower cholinesterase concentration in the newborn brain, and consequently a 
lower reserve or safety factor. 

2. A correlation between clinical signs and level of brain cholinesterase has been 
observed. The more severe symptoms are observed with greater depression of 
cholinesterase level. 

3. These experiments point to a critical r61e for acetylcholine and cholinesterase 
in the central nervous system. 
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ON THE ANTITHROMBIC AND ANTEPROTEOLYTIC ACTIV- 
ITY OF ALPHA TOCOPHERYL PHOSPHATE' ■ = ■ ’ 

K, L. ZIERLER, D. GROB and J, L. LILIENTHAL, Jr. 

From tht Physiological Division^ Department of Medicine, Johns Hophins 
University and Hospital 


BALTIMORE, MARYLAND 

D uring the course of investigations on respiration in muscle large doses of 
alpha tocopheryl phosphate (a-TPh) were administered to rats and to man. 
Profound effects on a variety of biological processes were observed; among 
these, alterations in the normal process of coagulation of blood were especially 
striking. 

There are indications from the observations of several investigators that modi- 
fications of blood coagulation may accompany disturbances in the economy of vitamin 
E. Thrombosis was discovered in fetal rats dying in mothers which were vitamin 
E deficient ( 1 ). Hyaline thrombi in capillaries in and about degenerated areas of 
the cerebellum were believed to be the primary lesions in the encephalomalacia of chicks 
produced by a diet deficient in vitamin E (2, 3). Furthermore, the chemical struc- 
ture of a-tocopherol provides a potential biological antagonist to vitamin K, and 
indeed, vitamin K deficiency has followed the administration of a-tocopheryl quinone, 
a derivative produced by mild oxidation (4). Finally, naphtho tocopherol, a related 
compound, exhibits some of the biological activity both of vitamin E and of vitamin 
K( 5 ). 

This communication reports a direct measurement of the effects of a-TPh on the 
clotting of blood. Because certain phases of coagulation of blood may be simulated 
by proteolysis (6) and inhibited by antiproteases (7-10), the influence of a-TPh on 
a series of representative proteases was measured. 


METHODS 


The effect of a-TPh was observed on the following systems in vitro: a) coagulation 
time of recalcified human plasma, h) thrombin clotting time of prothrombin-free 
human plasma, c) digestion of casein by plasma protease, trypsin, leucopro tease and 
papain. The effect in vivo was studied by measurement of thrombin clotting time of 
plasma following parenteral administration of a-TPh to rats. The disodium salt 
of d,l-a-tocopheryl phosphate'* was used throughout these studies because its solu- 
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bility in water makes it suitable for use both in in vitro systems and for parenteral 
administration. The pH of an aqueous solution of one per cent a-TPh is 8.14, deter- 
mined in the Beckman pH meter. For use in vitro in the study of blood coagulation, 
all solutions of a-TPh were freshly prepared in 0.85 per cent sodium chloride. For 
parenteral administration, aqueous solutions of a-TPh were used. For the experi- 

M 

ments on proteolysis, a-TPh was dissolved in Sorensen — phosphate buffer, pH 7.4. 

xo 


Plasma was prepared immediately before use from human blood to which was added o.i M 
sodium oxalate in a ratio of 0.5 ml. to 4.0 ml. of whole blood. 

Prothrombin-free plasma was prepared by shaking fresh human oxalatcd plasma with an excess 
of barium sulfate and centrifuging. The supernate was proven prothrombin-free by rccalcification 
and testing with thromboplastin by a modified Quick method (ii). 

The thrombin employed was a commercial preparation of bovine thrombin (Parke, Davis). 
For the iit vitro studies thrombin was dissolved in 0.85 per cent sodium chloride in' concentrations 
which would yield clotting times of 15 to 30 seconds in control systems. In the experiments per- 
formed on blood drawn from rats following parenteral administration of tx-TPh, there was insufficient 
plasma to titrate the thrombin solutions so that the thrombin clotting time of the control blood did 
not always fall within these limits. 


In the latter experiments, vaiyhng doses of a-TPh, as indicated in table 3, were 
injected intraperitonealiy into adult Whelan rats under sodium pentobarbital anes- 
thesia and blood withdrawn under direct observ^ation from the right ventricle 30 
minutes later into a syringe containing o.i M sodium oxalate, usually in a ratio of 
0.5 ml. for each 4.5 ml. of whole blood. While it was not always possible to obtain 
such a ratio, the final ratio of oxalate to whole blood was always constant throughout 
each experiment. Thrombin clotting times in this instance were measured by addi- 
tion of a solution of bovine thrombin to oxalated rat plasma which had not been 
rendered prothrombin free. 

Details of the coagulation systems employed are provided in the accompanying 
tables. 

The progress of proteolysis was measured nephelometrically at a wave length 
of 405 m/Li with a Coleman Junior spectrophotometer (12). In two series of experi- 
ments, concomitantly with nephelometry, proteolysis was followed by determination 
of nitrogen appearing in the protein-free supernate of the reaction systems by a 
modified Koch-McMeekin method (13). 

The concentrations of plasma protease preparation (0.02 ml/ml.) and of leuco- 
protease preparation (0.02 ml/ml.') were selected to cause approximately 50 per cent 
digestion of casein in 20 hours. Crystalline trypsin® (0.00025 mgm/ml. = 7 X 
io~® M) and crude papain (Difeo, o.oi mgm/ml.) caused nearly complete proteolysis 
of casein in 20 hours. Plasma protease was prepared by the method of Tagnon (14). 
The leucopro tease preparation was an homogenate in 15 volumes of distilled water of 
cat polymorphonuclear leucocytes derived from sterile serous exudates (12). 


RESULTS 

When a-TPh was added to human plasma in a final concentration of 1.8 X 
io~® M, clotting time after recalcification was prolonged, as indicated in the repre- 
sentative experiment in table i. Concentrations one-tenth this amount, 1.8 X 

= Kinly provided by Dr. M. Kunitz, The Rockefeller Institute for Medical Research, Prince- 
ton, New Jersey. 
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10-' M, were associated with a slight acceleration of clotting time which was of doubt- 
ful significance. It has been demonstrated that a-TPh forms an insoluble mono- 
calcium salt (15). It is evident from table i, however, that an equimolar combina- 
tion of calcium with a-TPh (1.8 X lo-^ M) could not have removed sufficient calcium 
to prevent clotting, since the final molar concentration of calcium was three to 13 
times that of a-TPh. 

Table i. Efeect of alpha-tocopiieryl phosphate in vitro on coagulation 


OF recalcified plasma 


Oxalated Plasma 

1.8 X Kr^M a-TPh 

0 . 85 % NaCl 

OXlCr^MCaCh 

Coagulation Time 

ftiL 

ml. 

ml. 

ml. 

min. 

0-5 

— 

0.9 

0.1 

9 

0.5 

— 

0.8 

0. 2 

6 

0.5 

— - 

0.7 

0.3 

7 

0-5 

— 

0.6 

0.4 

7-3 

0.5 

0.15 

0.75 

0.1 

>20 

0-5 

o.is 

0.65 

0.2 

>20 

0.5 

H 

d 

0.55 

0-3 

>20 

0-5 

0.15 

0.45 

0.4 

>20 


Human plasma, a-TPh and sodium chloride were added in the order listed to pyrex glass test 
tubes and incubated at 37'’C. for three minutes before addition of calcium chloride. All tubes were 
set up in duplicate. The first series was examined for coagulation at 30-second intervals. When 
complete coagulation occurred in a tube of the first series, the duplicate tube was then examined 
every 30 seconds. Clotting time is recorded as that time at which complete coagulation was detected 
in the duplicate tube. 


Table 2. Effect of alpha-tocopheryl phosphate in vitro on 

THROMBIN-FIBRINOGEN SYSTEM 


a-TPh 

Clotting Time 

1 a-TPh 

Clotting Time 

M 

seconds 

u 

seconds 

0 

17.0 

2 X X0“< 

34-2 

2 X IO~® 

25.8 

2 X IO~^ 

>120.0 


The coagulation system consisted of 0.2 ml. oxalated prothrombin-free human plasma, 0.2 ml. 
of varying concentrations of a-TPh in 0.85 per cent sodium chloride and o.i ml. of an aqueous solu- 
tion of crystalline bovine thrombin. Plasma and tocopherol were incubated for two minutes in 
pyrex glass test tubes at 37'’C. before addition of thrombin. Clotting time was that time, after 
addition of thrombin, at which coagulation first could be detected. All values are averages of four 
to six determinations. 


In an effort to determine the site of inhibition of clotting, the effect of a-TPh on 
the thrombin-fibrinogen system was studied. To prothrombin-free human plasma 
were added varying quantities of a-TPh and a solution of bovine thrombin, as illus- 
trated by table 2. As little as 2 X lo'^M of a-TPh prolonged the clotting time of the 
test solution, indicating that a-TPh is vigorously antithrombic. 

When a-TPh was injected intraperitoneally into rats® and blood withdrawn 30 
minutes later the thrombin clotting time was prolonged by doses of 0.05 gram per 
kgm. of body weight and larger, as shown in table 3. A dose of o.or gram a-TPh per 
kgm. was ineffective. Mixtures of incoagulable plasma from an a-TPh-injected rat 


1 was injected into normal rats, a single large dose, one or two grams per Hlogram 

of body weight, subcutaneously or mtrapentoneally, uniformly produced apparent drowsiness, ataxia 
and profound weakness, occasionally convulsions and death in the course of several hours. 
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and normal rat plasma could not be coagulated by the addition of an amount of 
thrombin which was adequate to produce coagulation in normal rat plasma alone. 

The effect of a-TPh was determined on the proteolytic activity of plasma pro- 
tease, crystalline trypsin, leucoprotease and papain. These proteolytic enzymes were 
inhibited markedly by a-TPh except in the case of papain, which was inhibited only 
slightly (table 4). Crystalline trypsin, 7 X io~® M, was inhibited completely by 
concentrations of a-TPh as low as 5 X 10—* M, but incompletely inhibited by lesser 
concentrations. It should be noted, however, that the preparation of crystalline 
trypsin used in these experiments contains 50 per cent magnesium sulfate. The final 
concentration of magnesium sulfate in the system illustrated in table 4 was at least 
2 X lo”'’ M. We have observed that a precipitate was formed when a solution of 
magnesium sulfate or chloride was added to a solution of a-TPh, and it has been 


Table 3. Effect of alfha-tocophervl fiiosphate in vivo on coagulation 

OF RAT PLASMA BY THROMBIN 


Exp. No. 

Rat No. 

a-TTh gram/kilo 

Clotting Time seconds 

I 

I 

0 

25.6 


2 

2 

53-0 

2 

3 

0 

10 . 0 


4 

2 

14.2 


s 

2 

22 . "J 

3 

6 

0 

9 -S 


7 

O.I 

15-6 


8 

O.I 

23-9 

4 

9 

0 

23.2 


10 

0.0s 

120.0 

1 

5 

II 

0 

18 . 5 


12 

O.OI 

18.9 


The coagulation system consisted of 0.2 ml. of oxalated plasma from rats injected with var3nng 
amounts of a-TPh and 0.1 ml. of an aqueous solution of crystalline bovine thrombin. The reaction 
proceeded at 37°C. 


assumed that this precipitate is an insoluble magnesium-a-TPh, analogous to the 
insoluble calcium salt of a-TPh reported by others (15). In the trypsin system the' 
concentration of magnesium was sufficient to remove at least a portion of the a-TPh 
from solution and, presumably, from participation in the enzyme system. 

Since the assumption was made that magnesium and a-TPh formed an insoluble 
complex, it was necessary to determine whether or not inhibition by a-TPh of tryptic 
digestion was the result of removal of magnesium ions from the enzyme system. 
Accordingly, the proteolysis of casein by the crystalline tiypsin preparation was meas- 
ured in the presence of an excess (io~'* M) of sodium carbonate and of sodium citrate. 
Precipitation of magnesium carbonate and of magnesium citrate from the reaction 
sj’^stems had no effect on proteolysis, suggesting that magnesium ions were not essen- 
tial to tryptic digestion and that the inhibition exerted by a-TPh was not the result 
of loss of magnesium from solution. 



















April 1Q4S 


BLOOD CLOTTING TIME 


Table 4. Inhibition of proteolysis by alpha-tocopheryl phosphate 


Enzyme 

a-TPh M 

Inlubitlon per cent 

Papain 

0 

0 

0.5 mgm./ioo ml. 

10"^ 

0 


5 X 10-^ 

33 


2 X lo"^ 

100 

Plasma Protease 

0 

0 


i 

31 


5 X io“* 

lOD 


2 X ICT’ 

TOO 

Leucoprotease 

0 

0 



100 


8 X 10--' 

100 

Crystalline Trypsin 

0 

0 

7 X io“® M 

10“' 

7 


IO““ 

10 


10“^ 

21 


5 X 10-^ 

100 


2 X io~® 

TOO 


The test sj'stem consisted of 3.5 ml. of 0.5 per cent casein, o.i ml. or 0.2 ml. of enzyme, o.i ml. 
to i.o ml. of varying concentrations of a-TPh in phosphate buffer, pH 7.40, and sufficient Sjfrensen 
M 

— phosphate buffer, pH 7.40, to make a final volume of 10.0 ml. The reactants were combined 


serially in the following order: substrate, a-TPh and enzyme. The reaction proceeded at sfC. 
The presence of at least 2 X lo"^ M of magnesium sulfate in the trypsin system resulted in precipita- 
tion of an undetermined moiety of a-TPh. The effective concentration of o-TPh was therefore 
less than that stated in the table. 


UibUUSblON 


The experimental data presented above indicate that a-TPh is vigorously anti- 
thrombic and antiproteolytic. 

The average concentration of tocopherols in normal human serum is one mgm, 
per cent, a concentration of the order of 2 X 10“= M (16). From table 2 it will be 
recalled that this concentration proved to be detectably antithrombic. This simi- 
larity, when viewed in the light of the thromboses which occur in experimental vita- 
min E deficiency (1-3), suggests the possibility that tocopherols participate normally 
in maintaining that equilibrium which prevents intravascular coagulation of blood. 

There are insufficient data to define the mechanisms by which a-TPh exerts its 
antithrombic and antiproteolytic activity. Although certain reducing agents are 
antithrombic (17) and antiproteolytic against trypsin,- leucopro tease and plasma 
protease (18), it is unlikely that these effects of a-TPh are in simple consequence of 
the antmxidant property of tocopherols in general. a-TPh is not an antioxidant- 
h exhibited neither appreciable reducing capacity for sodium 2, 6-dichbrobenaenone- 

ined in Proteolytic systems exam- 

effe reduced reversibly in vivo and that its antithrombic 

effect m vivo depends upon its ability to function as a reducing agent. Such an 
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explanation demands the unsatisfactory proposition that the antithrombic, effect of 
a-TPh in vivo is the result of a process quite different from that responsible for its 
effect in vitro on thrombin. 

The possibility has not been eliminated that parenteral administration of a-TPh 
stimulated the release of heparin. The fact that a-TPh was potently antithrombic 
in vitro, however, suggests that this activity is independent of heparin. 

The structural relationship between a-tocopherol and naphthoquinone has been 
emphasized by others (4, 5), and the effects of some naphthoquinones are similar to 
certain effects of a-TPh; both groups of compounds inhibit the succinoxidase system 
(19, 20, 21) and both inhibit thrombin activitj’- (17). The explanation of the phe- 
nomena described in the present report may lie in an, as yet, undefined property 
endowed by some structural configuration shared by the tocopherols and certain 
naphthoquinones. 


SUMMARY 

1. Disodium d,l-Q:-tocopheryl phosphate (a-TPh), a water-soluble derivative of 
a-tocopherol, prolongs the clotting time of recalcified plasma. This effect is not the 
result of precipitation of ionic calcium from the system. 

2. a-TPh is antithrombic, both in vitro and when injected intraperitoneally 
into rats. Its effect in vitro is exerted at concentrations of the order, of that of tocoph- 
erol in normal human plasma. 

3. a-TPh is antiproteolytic against plasma protease, crystalline trypsin, leuco- 
protease, and to a shght degree, papain. 

Mrs. Marjorie Glass and Mrs. Martha Jaffe contributed valuable technical assistance. T>r. C. 
L. Conley generously gave advice in the coagulation studies. 
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INFLUENCE OF THE DOSAGE OF XANTHOPTERIN UPON THE 
RESPONSE IN HEMAPOIESIS 

EARL R. NORRIS and JOHN J. MAJNARICH 
From the Department of Biochemistry, University of W ashington 

SEATTLE, WASHINGTON 

X ANTHOPTERIN has been showTi to give a response in red blood cell (RBC) 
regeneration of anemic fish (i) and anemic rats (2). The response in both 
cases was proportional to the dosage of xanthopterin. 

Xanthopterin has also been shown to accelerate cell proliferation in in vitro 
cultures of bone marrow from various animals (3). With increasing concentrations 
of xanthopterin the cell proliferation reaches a maximum at approximately Sy per 
ml. of bone marrow suspension. With concentrations below 57 per ml. there is an 
increase in cell proliferation with increasing concentration and with concentrations 
of xanthopterin above 57 per ml. there is a rapid decrease in the rate of cell prolifera- 
tion. 

Thinking that there might be a similar maximum or optimum response with 
xanthopterin when injected into anemic animals, high levels of xanthopterin were 
injected and tlie results are given in the present paper. 

In the first experiment with increased dosage, young rats which had been made 
anemic on a purified diet' containing one per cent sulfathiazole were injected with 24 
mgm. of xanthopterin per kilogram body weight. At the time of injection the average 
blood values of the group were: RBC 5.7 X 10® per cmm.; WBC 3960 per cmm.; 
hemoglobin 10.5 grams per 100 ml. and cell volume 35.6 per cent. On the third day 
after injection all the rats of the group died, but analysis was made of their tail 
blood before death. The results obtained on the third day after injection with 24 
mgm. of xanthopterin per kilogram body weight were; RBC 2.1 X 10® per cmm.; 
WBC 1490 per cmm.; hemoglobin 4.5 grams per 100 ml.; and cell volume 14.3 per 
cent. 

In 1941 Horlein (4) investigated the toxicity of xanthopterin and leucopterin. 
When injected intravenously as the sodium salt the lethal dose was found to be 50 
mgm. per kilogram for mice; 30 mgm. per kilogram for rabbits and 7.5 mgm. per 
kilogram for cats. Death did not follow immediately but occurred several days 
later. Necrosis of tire pancreas and kidney damage were observed but no report was 
made of blood cell or hemoglobin findings. 

As our above experiment indicated marked changes in blood values, further 
tests were made. 

Received for publication March 8, 1948. 

The diet used was composed of : glucose 72 per cent, casein 18 per cent, cottonseed oil 3 per cent, 
cod hver oil 2 per cent, salt mixture 4 per cent and sulfathiazole i per cent. The following vitamins 
were added per kilogram of diet: thiamine HCl 10 mgm., riboflavin 20 mgm., pyridoxine 10 mgm., 
Ca-pantoAenate 40 mgm., niadn 20 mgm., 2-methyl, 1-4 naphtho-quinone 4 mgm., biotin o.oi 
mgm. and choline-Cl 2 grams. 
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JIETIIODS AND RESULTS 

Rats about five montlis old, whidi had been made anemic on a purified diet* 
containing one per cent sulfatliiazole were divided into groups of from 4 to 7 rats 
each. The rats of each group were given a single intraperitoneal injection of the 
dosage indicated and tire subsequent blood changes observ'ed are given in figure i. 
The groups given a single injection of one mgm. and 5 mgm. per kilogram body weight 
showed an increase in blood values, reaching a maximum in approximately 12 days 
after injection followed by a rapid decline toward tire initial value. The groups 
given the single injection of 10 and 20 mgm. per kilogram, respectively, showed a 
decrease in the blood values measured. Although the anemia was aggravated by 



Fig. I, Effect of a single injection of different amounts of xanthopterin on the blood values 
of nutritionally anemic rats. The curves represent the response with dosages of xanthoptenn as 
mgm. per kilogram body weight of: A, i; B, 5; C, 10; and D, 20. 


the excessive dosage of xanthopterin all of the rats survived. Figure i also gives tlie 
calculated values for the mean corpuscular volume (MCV), mean corpuscular hemo- 
globin (MCHb) and mean corpuscular hemoglobin concentration (MCHbC) accord- 
ing to Wintrobe. Before injection with xanthopterin all of the animals appeared to 
exhibit a macrocytic anemia. The MCV for the groups injected with one and 5 
mgm. per kilogram dropped to within the range of values observed for normal rats 
for the period from approximately the sixth to tlie eighteenth day after injection, 
corresponding with the period of increased cell count. The MCV for the groups m- 
jected witli 10 and 20 mgm. per kilogram remained above the values on normal rats. 

After conclusion of the above experiment tlie rats which had been used in it were 
divided into two groups as nearly equal as possible in weight and past history with 
regard to previous dosage with xanthopterin. The average initial blood values for 
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each group were very similar as indicated in the graph. The rats of one group were 
injected intraperitoneally with one mgm. of xantliopterin per kilogram and of the 
other group with 3.18 mgm. of synthetic pteroylglutamic acid (fohc acid) per kilo- 
gram, which would give a pteroyl concentration similar to that of the xanthopterin 
used. The second injection was made 31 days after the first injection. Figure 2 
shows the response obtained. After the effects of either an optimal dosage of xan- 
thopterin or a toxic overdosage had worn off, the second injection of one mgm. per 
kilogram of xanthopterin gave a response very similar to the first. The pteroylglu- 
tamic acid produced but slight response. 

Xanthopterin had such a marked effect upon tire blood picture of nutritionally 
anemic rats it was thought possible that it might have some effect upon the normal 
animal. Rats ranging from 165 to 217 grams, with an average weight of 182 grams 
and on a diet of fox checkers, were divided into six groups and given a single injec- 
tion of xanthopterin. Each animal was injected intraperitoneally with 2.5 ml. of 



of 3.18 mgm. per kilogram of folic acid (.Curve B) upon the blood values of nutritionally anemic rats 
which had recovered from the effects of a previous injection of xanthopterin. 

NaHCOs solution containing the supplements for the six groups as follows; none, 2.5, 
5, 10, 25 and 50 mgm. per kilogram. The tail blood of each rat was analyzed at 
intervals and averages for the groups are given in figure 3. Figure 3 also gives the 
Wintrobe indices calculated from the data obtained. The results on 5, 10, 25 and 
50 mgm. per kilogram show the production of a macrocytic anemia with a leukopenia, 
while 2.5 mgm. per kilogram appeared to produce a polycythemia with leukocytosis. 

To further study what appeared to be a polycythemia with the lower concentra- 
tion of xanthopterin, another experiment was performed using younger rats. Rats 
about two months old, which had been raised on a diet of fox checkers, were divided 
into groups of four rats each. The rats were given a single injection of 2.5 ml. of 
NaHCOs solution containing the supplements as follows; none, r, 2, 5 and 50 mgm. 
of xanthopterin per kilogram. The results obtained are given in figure 4. These 
animals were not mature and the values for RBC of the control group follow very 
closely the average values given by Kindred and Corey (5) for rats of the same age. 

The group injected witlr one mgm. per kilogram showed a polycythemia and leu- 
kocytosis. The RBC increased over two million cells per cmm. within nine days 
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after injection to a value of 10.2 X 10® per cmm. The increased from about 
8000 to 19,000 per cmm. in two days and to 22,000 by the ninth day after injection. 
The groups injected with 2 and 5 mgm. per kilogram had an increase in blood values 



Fig. 3. Effect of a single injection of different amounts of xanthopterin on the blood values 
of normal rats. The curves represent the results with dosages of xanthopterin as mgm. per kilogram 
body weight; A, none; B, 2.5; C, 5; D, 10; E, 25; F, 30. 



Fig. 4. Effect of a single injection of different amounts of xanthopterin on the blood values 
of normal rats. The curves represent the results with dosages of xanthopterin as mgm. per kilogram 
body weightof: A,none;B', i; C, 2;D, s;andE, 50. 


but less marked than for one mgm. per kilogram. Five mgm. per kilogram produced 
an anemia in the previous experiment, reported above, and a polycythemia in this 
experiment in \Yhich younger rats were used. The group injected with 50 mgm. per 
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kilogram developed an anemia with a drop of 2.5 X 10'= RBC per cmm, within nine 
days. All values approached normal after about 30 days from the time of injection. 

Spies (6) reported that he did not get a ‘response’ in a pernicious anemia case 
upon injection of 500 mgm. of xantliopterin eacli day for 10 da3^s, a total of 5000 mgm. 
of xanthopterin. He does not give the weight of his patient but the amount admin- 
istered must have been appreciably greater tlian any of the dosages used here when 
calculated to mgm. per kilogram body weight. 

STOEStARY 

1. Dosages of less than 5 mgm. of xanthopterin per kilogram body weight pro- 
duce hemapoiesis in nutrition alty anemic rats with an apparent optimum of one mgm. 
per kilogram. 

2. Dosages of 10 mgm. or more of xanthopterin per kilogram body weight aggra- 
vate the condition in nutritionally anemic rats, making the animals more anemic. 

3. Dosages of less than 5 mgm. of xanthopterin per kilogram body weight pro- 
duce polycythemia and leukocjTosis in normal rats, with one mgm. per kilogram giv- 
ing the highest values observed. 

4. Dosages of greater than 5 mgm. of xantliopterin per kilogram body weight 
produce anemia and leukopenia in normal rats. The anemia has a tendencj’- to be 
of a macrocytic type. 
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RESIDUAL LUNG VOLUME DETERI^IINATIONS BY THE 
METHODS OF HELIUM SUBSTITUTION 
AND VOLUME EXPANSION' 

THOMAS L. WILLMON and ALBERT R. BEHNKE 
From the Medical Research Laboratory, U. S. Submarine Base 
NEW LONDON, CONNECTICUT 

and the Naial Medical Research Institute 

BETHESDA, MARYLAND 

T he measurement of air remaining in the lungs after forced expiration has been 
attempted by various methods including direct measurement on the cadaver, 
indirect measurement by water displacement of the extirpated lungs, andb)’’ 
calculation of the nitrogen content of the lungs in vivo. Herein reported are 63 
determinations of residual lung volume made on six trained subjects, live of whom 
were deep sea divers. 


METHODS 

Three methods were employed: a) dilution of residual air with oxygen, b) sub- 
stitution of residual air with helium-oxygen mixture and subsequent measurement 
of helium and c) measurement of gas volume resulting from expansion of residual 
lung volume during a rapid reduction of air pressure from four to one atmospheres 
in a naval recompression chamber. 

Nitrogen Dilution Method. Initial determinations were made in the general 
manner described by Van Slyke and Binger (i) in which the nitrogen contained in 
residual air was diluted by rebreathing a known volume of pure oxygen until com- 
plete mixing was attained between the gas in the lungs and the oxygen in the re- 
breathing system. In later tests forced breathing was employed. Four liters of 
oxygen were introduced into a system containing two rubber bags and a mask ar- 
ranged so that the gas in the two bags could be mixed. The subject exlialed to the 
residual air volume and then rebreathed deeply into the bag system 12 times per 
minute for one and one-half minutes. The subject again exhaled to the residual 
air volume. The mask tubing was clamped to permit mixing and sampling of gases 
in the two bags. The residual air space was computed by use of the following for- 
mula (2): 

RA = "^(^2 — a) -fVmgN2 — Vnua 
79.1 - Ns 

•Where is the volume of the bags measured before the test; Vm^ is the volume at 
Received for publication January 7, 1948. 

resume of tests conducted at the Experimental Diving Unit, U. S. Naval Gun Factory 
Washington, D. C., October 1941. 


138 



April 194S 


RESIDUAL LUNG VOLUME 


139 


the end of the test; V is the volume of the dead space; N2 is the percentage of nitro- 
gen in the bag system at the end of the test; and alpha is the percentage of nitrogen 

at the start of the test. _ v 1 v 

Helium Substitulion Method. The measurement of residual air by the lielium 

substitution method was devised to eliminate a source of error attendant upon^ the 
nitrogen dilution method, namely, measurement of nitrogen in an atmosphere chiefly 
composed of nitrogen where a slight leak precludes accuracy. 

The residual air of the lungs was replaced by a known helium-oxygen mixture. 
The helium was then washed out of the lungs by the inhalation of air or oxygen and 
its volume measured. 

The equipment for collecting helium from the residual lung volume consisted 
of two 100-liter rubber bags cross-connected by three-quarter inch rubber tubing and 
equipped with a face mask, a two-way valve, check valves, tubing clamps and an 
open circuit helium-oxygen supply to the mask alone (fig. i). 



Fig, 1, Diagram of apparatus used for measuring residual lung volume by helium dilution. 

The seated subject inhaled a 79 per cent helium-21 per cent oxygen mixture and 
maintained maximal deep breathing for a period of three minutes. Breathing was 
timed with a stop watch and regulated to provide 5-second inspiration and expira- 
tion at the rate of six respirations per minute. Following the final maximal expira- 
tion to residual lung volume, the two-way valve was turned so that 50 liters of oxygen 
previously measured into bag A were breathed from bag A to bag A'; the same res- 
piratory pattern was continued. In order to prevent a free flow of gas between the 
two bags due to pressure difference, hand-manipulated clamp B was opened during 
inspiration and closed during expiration. After emptying bag A, which required 
about two minutes, the subject again exhaled to residual lung volume and the two- 
way valve was closed. The clamps were then removed to permit to-and-fro move- 
ment of the gas within the bags, and a sample of mixed gas was analyzed for helium 
in the Cady apparatus, in which all gases in the mixture except helium were adsorbed 
by activated charcoal at the temperature of liquid air. That rinsing the lungs with 
50 liters of gas was adequate to remove the heUum was shown by tests in which only 

2 to II cc. of helium could be removed after two minutes of hyperventilation fa^L/ 
min.). ^ ^ ^ 
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Calculations. Tlic volume of helium recovered from the lungs during the 
two-minute washing-out period was computed by multiplying the volume of the 
oxygen-helium system by the percentage of helium found on analysis. The residual 
lung volume was computed from the following formula: 



When Vr = residual vol., Vr = bag vol., Vr = dead space, HeR = per cent He in 
bag, Hci = percentage He inspired, Ww and Wr = partial pressure of water vapor 
in bag and lungs, respectively. No correction was made for the effect of changes in 
the respiratory quotient on alveolar helium percentage. 

Volwne Expansion Method. The equipment used consisted of a 10-liter rubber 
bag attached to a face mask by a short three-quarter inch rubber tube closed by a 
hand clamp. By means of a rccorapression chamber, the barometric pressure was 
raised to four atmospheres absolute. The apparatus, having been exhausted of 
air at normal barometric pressure, was tightty fitted to the face following complete 
forced expiration. The hand clamp was removed from the tubing and the chamber 
rapidfy vented from four to one atmospheres during a period of about 25 seconds. 
The subject meanwhile exhaled into the bag as the residual air expanded. Upon 
reaching normal atmospheric pressure, complete forced e.xpiration was made again 
and the tubing clamped. The gas contained in the bag was the result of tlie physical 
expansion of residual lung volume which occurred during the decompression from 
four to one atmospheres, plus the gas contained in the dead space of the mask. The 
residual air volume was computed from the following formula: 


RV 


V„ 


- (v„) 

700 

B — 760 
760 


Where Vb is the bag volume and Vr is the volume of the dead space. Results were 
corrected to 760 mm. and to 37° C. 

A pressure of less than four atmospheres can be used, but with decreased ac- 
curacy. It is not necessary to vent tlie chamber in the 25-second period as outlined. 
A slower reduction of pressure is possible if correction is made for oxygen consumption 
during the time period. A pressure reduction greater than four to one atmospheres 
was not used due to the possible formation of air emboli during the rapid decompres- 
sion. The absence of symptoms of air emboli indicates that the method employed 
was safe. However, fatigue followed repeated daily determinations. 

Sources of Error. The chief reason for inconsistency of results was tlie inability 
of subjects to exliale to the same residual air volume during successive trials. For 
accuracy it was necessary to give the subjects a number of practice runs. In the 
calculations underlying the helium substitution and pressure-reduction methods 
some error is introduced by assuming that the ratio of carbon dioxide output to oxy- 
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gen consumption, was unity. In the pressure-reduction, method a small error ma}'' 
be introduced by the assumptions that the gas in the bag at the end of the test was 
skturated with water vapor and that water vapor behaves in accordance with the 
Charles law. 

Table i. Residual lung volume determinations on six trained subjects employing dilution 

OE RESIDUAL NITROGEN WITH OXYGEN OR ITS REPLACEMENT BY HELIUM, AND MEASUREMENT . OF 
EXPANSION OF GAS IN RESIDUAL LUNG VOLUME OCCUREING IN RAPID REDUCTION OF BAROMETRIC 

pressurf: from four to one atmospheres 


METHOD 

SUBJECTS 

Wil 

Squ 

Bun 

Crk 

Smt 

Wes 

Helium substitution method 

11 

1489 

1337 

1126 

1304 

1343 

1584 

1488 

1823 

lyor 

■ 


Mean 

1 

1234 

1319 i 

1536 

1762 

1 

1729 


Ni dilution with oxygen 

‘ ‘ ' ’ 1 i 4 • 

■ 

1502 

1507 

1360 

1437 

1386 

1401 

1301 


i 

1 

i 

167s 

1647 

1958 

2002 

1584 
■ 1717 

Mean 

1442 

1342 



1820 

1650 

Volume expansion 

1418 - 

1620 

1297 

1344 

1336 

1113 

1248 

1162 

1028 

1327 

1169 

1384 

1126 

1668 

1466 

1558 

1356 

1323 

1376 

1230 

1992 j 

1576 , 
1431 

1760 
,• 168s 
. 1688 ' 
1631 

i 

1 

1566 

.1578 

1466 

1388 

Mean 

1317 

1206 

1425 

1666 

1691 

1499 


Means of values; Helium substitution method, 1427; volume expansion, 1429; nitrogen dilu- 


The technic could be improved a) by making determinations of residual air 
vol^e following measurements of vital capacity that were in close agreement and 
5) by analyzing samples of alveolar air for inert gas, oxygen and COo content. • 

DISCUSSION 

the results of determinations on six trained subjects are recorded in table i 
It was found that measurements in very close agreement occurred most frequently 
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in immediately successive experiments. This was true also for vital capacity measure- 
ments. 

The mean residual lung volume of the six subjects (six determinations by all 
methods) was 1443 cc., values in individual tests ranging from 1113 cc. to 2002 cc. 
By the helium substitution method the mean was 1427 cc., with a range between 
1133 cc. to 1823 cc. By the volume expansion method the mean was 1429 cc. mth 
a range of 1113 to 1992 cc. 

Those subjects having high values for residual air were almost invariably long- 
chested, asthenic individuals. The low values obtained were generally in short- 
chested, muscular individuals. No constant relationship was found between values 
of residual lung volume and vital capacity. 

It is important that the subjects be trained. In a large number of preliminary 
tests on subjects selected at random and not given practice runs, there was consider- 
able variation in measurements made on any given individual. 

SUMMARY 

Findings are presented on the determination of residual lung volume by two 
new methods: a) substitution of helium for the nitrogen of lung air with subsequent 
washing out and measurement of helium contained in the residual lung volume, and 
h) measurement of gas volume resulting from physical expansion of residual lung 
volume occurring during rapid reduction of barometric pressure from four to one 
atmospheres. While, in general, greater accuracy may be attained by employing the 
first method, the second is conducive to speed when large numbers of determinations 
are to be made due to its simplicity and the possibility of making multiple deter- 
minations at one time. 
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EFFECT OF BILE DIVERSION ON FECAL FAT AND 
NITROGEN EXCRETION^ 

J. R. HEERSMA and J. H. ANNEGERS 
From the Department of Physiology, Northwestern University Medical School 

CHICAGO, ILLINOIS 

A lthough there is no doubt that steatorrhea occurs when bile is excluded 
from the intestine, the quantitative relationship between dietary fat and fecal 
fat excretion during bile exclusion has not been established. Previous studies 
on one dog with biliary obstruction (i), two bile fistula dogs (2), three infants with 
bile duct atresia (3), two patients with surgical bile fistulas (4), and seven patients 
with biliary obstruction (5) suggest that when bile is excluded, fecal fat excretion 
nearly equals dietary fat when the fat intake is low, while fecal fat is considerably 
less than fat intake when the latter is high. The purpose of this study was to deter- 
mine quantitatively the effect of bile diversion on fecal fat excretion in dogs as a step 
in clarifying the role of bile in fat absorption, and as a basis for evaluating bile re- 
placement measures. 

METHODS 

Six normal dogs were given diets consisting of ‘Pard’ (22 per cent protein, 6 per 
cent fat, 5 per cent crude fiber) and lard in various proportions. Each regime was 
fed for seven days. All feces were pooled the last five days and analyzed for total 
fat and free fatty acids (6) and for nitrogen (Kjeldahl). 

The same animals plus three in addition were then cholecystonephrostomized 
(7). After recovery the preoperative regimes were repeated and several additional 
regimes were tested, including a fat-free diet containing 200 grams casein and 200 
grams sucrose per day. Fecal urobilinogen determinations were consistently nega- 
tive on all operated dogs, and none developed jaundice. 

The order of the various tests was altered among the dogs. The original plan 
to subject each dog to all regimes was not completed because four of the dogs de- 
veloped duodenal ulcers. Statistical methods used in evaluating results are from 
Snedecor (8). 

RESULTS 

Total fecal fat. The six normal dogs excreted an average of 3.51 grams ± 0.73 
grams (st. dev .) fecal fat per day. The quantity excreted was found to be independent 
of the amount of fat in the diet, which varied from 15 to 47.5 grams per day. In 
nine dogs after cholecystonephrostomy, however, fecal fat excretion increased from 
2.7 grams per day to 33.3 grams per day as daily dietary fat was increased from o to 
51 grams, tidividual five-day tests on normal and bile fistula dogs are plotted in 
figure I. Dietary fat and crude fiber intakes are indicated. 

Received for publication April 5, 1948. 
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Since it appeared that in bile fistula dogs, diets high in crude fiber may have 
caused greater fecal fat excretion, independent of the effect of dietary fat, analysis 
by the method of multi])le regression was done. The multiple regression coefficient 
for fecal fat' on dietary fiber was not significant; hence the regression equation for 
fecal fat on dietary fat does not contain a third variable for crude fiber (table i and 
fig. i). 


Table i. Regression and correlation data 


TYPE OF DOG 

NO. OF 
DETERJfXNA- 

A 

regression EOUATtON, Y = a + bX 

CORRELA- 
TION COEF- 

TIONS 


X j 

a 

b ± 5 t. error 

FICIENT 

Normal 

17 

Fecal fat 

dietary fat 



— 

—0.029 

Bile fistula 

48 

Fecal fat 

dietary fat 

3-70 

0.583' ±0.079 

0.909 

Normal 

20 

% fecal FFA 

dietary fat 

— 

— 

o.oSo 

Bile fistula 
Normal and bile 

48 j 

% fecal FFA 

dietary fat 

77.2 

0.261' ±.020 

0.523 

fistula 


Fecal N; 

dietary fiber 

0-39 

1 0.106' ±.OII 

0.816 

Normal 


Fecal Nj 

dietar 3 ' protein 

— 

— 

-0.613 

Bile fistula 

WEm 

Fecal N; 

dietary protein 

— 

1 

—0.245 


' Significant regression coefficient at i% level. 

A 

A 



Fig. I. Relationship between fecal fat excretion and dietary fat. = 9 

fistula dogs; = 6 normal dogs; O = no crude fiber in daily diet; • = 6 grams crude fiber m 

daily diet; A = 9 grams crude fiber in daily diet; X = 12 grams crude fiber in daily diet. 

The regression equation, Y = 3.70 + .583 d= .079, X based on 48 determinations, 
means that in 9 bile fistula dogs, fecal fat excretion was 58 per cent ± 8 per cent of the 
fat intake plus 3.7 grams. Mean daily fecal fat excretion of 3 bile fistula dogs on a 
fat free diet was 2.7 grams, in fair agreement with the intercept value of 3.7 grams 
(fig- i)- 

Fecal free fatly acids. In six normal dogs fatty acid excretion did not change 
significantly when dietary fat was increased from o to 47.5 grams per day. 
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In nine bile fistula dogs fatty acid excretion increased more rapidly than did 
total fat when dietarj^ fat was increased from o to 51 grams per day, so that t le per- 
centage of free fatty acids approached 100. Individual five-day tests on bile fistu a 
dogs and means of tests on normal dogs are plotted in figure 2. Regression and cor- 
relation data appear in table i. 



Fig. 2. Relationship BET^VEEN tree eatty acid excretion and dietary fat. = 9 

bile fistula dogs; means of 6 normal dogs. 

Fig. 3. Relationship between fecal nitrogen excretion and dietary crude fiber. 
• = 6 normal dogs; X = bile fistula dogs. 

Since fatty acids were determined in milliequivalents, then expressed as having 
an average molecular weight of 284 (ii), the results may mean that as dietary and 
fecal fat increased, in the absence of bile, relatively more short-chain fatty acids are 
present in the feces. In the animals studied, loss of bile can be identified by the 
percentage of split fat in the feces, even at o fat intake. It is evident that bile does 
not furnish an essential activator of pancreatic lipase. 
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Fecal nitrogen. In both normal and bile fistula dogs the daily fecal nitrogen 
excretion varied with the different diets employed, conceivably due to changes in 
dietary fat, protein, and/or liber (9), or to cholecystonephrostomy. 

Nitrogen excretions were not significantly different, however, on regimes differing 
only in dietary fat intake (analysis of variance). Fecal nitrogen excretion was found 
to be correlated negatively with dietary protein and positively with dietary crude 
fiber (table i). Multiple regression analysis revealed that only crude fiber was a 
significant factor. 

In figure 3 fecal nitrogen excretion is plotted against dietary crude fiber for both 
normal and bile fistula dogs. The effect of crude fiber is apparent. In addition, the 
data demonstrate that bile diversion does not alter fecal nitrogen excretion. The 
regression coefficients for fecal nitrogen excretion on dietary fiber did not differ sig- 
nificantly between normal and bile fistula dogs (co-variance analysis). Therefore, 
one regression equation calculated from the two sets of data is shown in figure 3. 

DISCUSSION 

Previous reports have shown that normal persons excrete a constant amount of 
fat independent of dietary fat intake (10), and that patients with bile excluded from 
the bowel excrete excessive total fat and percentage of free fatty acids, but normal 
amounts of fecal nitrogen (5, ii). The present results agree with these reports. 
Coffey cl al. (i) concluded that fecal nitrogen excretion in a dog with biliary obstruc- 
tion was increased, since daily fecal nitrogen was 182 per cent of dietary nitrogen. It 
can be calculated from the protein intake during the test that daily fecal nitrogen 
excretion was only about 1.7 grams per day, which cannot be considered abnormal. 

The present data on fecal fat excretion indicate that when bile fistula dogs are 
fed fat, fecal fat excretion is numerically equal to the amount of fat excreted on a fat- 
free diet (3.7 grams) plus a constant proportion (0.58) of the dietary fat. The 
simplest interpretation of this relationship between dietary and fecal fat is that the 
latter consists of a constant amount of endogenous fat plus a constant unabsorbed 
proportion of dietary fat. In the absence of adequate studies using labeled fat 
molecules this interpretation remains unproved. However, it has been reported that 
fecal fat excretion occurs in normal humans (12) and dogs (13) as well as in bile fistula 
dogs (2) on fat-free diets. Furthermore, Shapiro el al. (4) have shown by feeding 
deuterium fatty acids to patients with bile fistulas that fecal fat consists only in part 
of dietary fat. 

It is evident from figure i that only when fat intake is about 9 grams per day is 
fecal fat excretion numerically equal to fat intake in bile fistula dogs. At lower levels 
of dietary fat, fecal fat excretion exceeds fat intake, and at higher levels of dietary fat 
the ratio of fecal fat to fat intake progressively decreases. This demonstrates that 
the ratio of excreted fecal fat to dietary fat is not an indication of the completeness of 
bile diversion, and explains why in previous reports, fecal fat, expressed as percentage 
of dietary fat, decreases when dietary fat is increased and bile is diverted from the 
intestine. 

That considerable absorption of dietary fat occurs in the complete absence of 
bile has escaped previous general recognition and is unexplained by present theories 
concerning the mechanism of fat absorption. 
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The relationship between dietary fat intake and fecal fat excretion may be used 
to evaluate bile-replacement measures. The regression coefficient then becomes Iffie 
ratio of fecal fat to dietary fat after proper correction is made for fecal fat excretion 
on a fat-free diet. Thus, in a recent study (14) bile fistula dogs were fed a diet con- 
taining 36 grams fat per day. Using the formula derived from the regression equa- 
tion ~ _ corrected ratio of grams fecal fat to grams dietary fat, 

’ 36 

the proportion of dietary fat which escaped absorption was 0.66 when no bile was 
given. When whole bile was fed, the corrected ratio was reduced to 0.26. Tliis may 
be considered a 60 per cent improvement in fat absorption, attributable to the feeding 
of whole bile. 

In future studies of bile replacement measures, it will not be necessary or ad- 
visable to use only a single level of fat intake, since therapy may be more effective at 
one level of dietary fat than at another. 

SIBCUARV 

Fecal fat and nitrogen excretions were determined in dogs before and after 
cholecystonephrostomy when the mixed diet contained from o to 51 grams fat per day 
and o to 12 grams crude fiber per day. Tests were of five days’ duration. 

In 6 normal dogs daily total fat and the percentage of free fatty acids excreted 
in the feces remained constant and independent of fat or fiber intake. In 9 bile fistula 
dogs, daily fecal fat excretion increased in linear fashion as dietary fat was increased. 
The mathematical relationship between fat intake and fecal fat excretion was inter- 
preted as indicating that fecal fat consists of a constant amount of fat equal to that 
excreted on a fat-free diet plus 58 per cent of the dietary fat. 

The ratio of free fatty acid to total fecal fat was significantly higher in bile fistula 
dogs than in normal dogs at dietary fat levels of o to 51 grams per day. Daily fecal 
nitrogen excretion was related to the amount of crude fiber in the diet in normal and 
in bile fistula dogs and was independent of dietary fat, protein or of bile diversion. 
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CHANGES IN THE BLOOD LEUCOCYTE LEVEL OF ADRENAL- 
ECTOMIZED AND NORMAL RATS FOLLOWING ADMIN- 
ISTRATION OF TYPHOID VACCINE 

LENA A. LEmS and IRVINE H. PAGE 
From the Research Division of the Cleveland Clinic Foundation 
CLEVELAND, OIDO 

^ I AHE protective action of adrenal extracts against the toxic effect of typhoid 
i vaccine in adrenalectomized rats has been reported (i). The question then 
JL arose as to the effects of such treatment on circulating white blood cells, espe- 
cially lymphocytes. Dougherty and White (2) have shown that injection of adreno- 
trophic hormone into normal mice and rats resulted in decrease in the total number 
of leucocytes. Relative lymphopenia and increase in polymorphonuclear leucocytes 
also occurred. Similarly treated adrenalectomized mice showed no lymphopenia or 
leucopenia but after administration of adrenal cortical extract in either normal or 
adrenalectomized mice, the number of lymphocytes and leucocytes fell and the poly- 
morphonuclear leucocytes rose. The lymphopenia was interpreted as a direct action 
of adrenal hormone, while the increase in polymorphonuclear leucocytes was thought 
to be a ‘nonspecific’ response. They suggested that the changes in l3Tnphocytes 
observed during infection might be mediated by variations in activity of tlie adrenal 
glands induced by toxic stimulation. 

We wished to determine the effect of standard doses of typhoid vaccine on the 
white blood cells in adrenalectomized animals treated with sodium chloride, adrenal 
extract (aqueous alcoholic solution) or compound A acetate. The observ’-ed changes 
would then be ascribable directly either to absence of adrenal cortical hormone or to 
administered hormone. 

METHODS 

Fifty-six adrenalectomized rats were prepared for study as previously described 
(i). Male rats of the Sprague-Dawley strain weighing between 80 and 120 grams 
were used in all experiments. Following adrenalectomy, they were given 0.9 per 
cent sodium chloride solution to drink and a period of at least five days was allowed 
to elapse before the studies were made. Dehydrocorticosterone acetate in oil was 
injected daily subcutaneously. Adrenal extract was given twice daily. Blood counts 
were taken on 13 rats on the third day of hormone treatment, before and two hours 
after hormone injection. In the other hormone-treated animals 1.33 M.L.D. of 
typhoid vaccine was administered intraperitoneally immediately after the third morn- 
ing injection of hormone. The M.L.D. was determined on adrenalectomized rats 
(i). Blood was taken from the tail for white blood cell, differential count and hemo- 
globin estimation, immediately before injection of hormone, or hormone and vaccine, 
and again one and two hours later. Smears for differential leucocyte counts were 
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also taken 45 minutes after vaccine administration. At least 200 cells were counted 
for each differential leucocyte count. Some rats received no replacement therapy 
except 0.9 per cent saline to drink. Blood counts were taken at 8:30 and 10:30 a.m. 
Twenty-three of these were injected with 1.33 M.L.D. typhoid vaccine immediately 
after thefirst; morning bleeding. Five received an injection of one ml. saline. Some 
of the vay.cine-injected rats were moribund at the time the 120-minute sample was 
taken, hence this was selected as the time for the final bleeding. By warming the 
animals slightly, no difficulty in obtaining the blood was encountered. We believe 
strain on the animals was minimal. 

Thirteen normal male rats were also studied at similar time intervals following , 
administration of typhoid vaccine. Eight received the dose found lethal to normal 
rats of like age and size. Five received one third more than the dose found lethal to 
the adrenalectomized rats, the amount used as the standard test dose in determining 
the toxic protection power of adrenal extracts in adrenalectomized rats. To control 
the experiment still further, groups of adrenalectomized, 'hormone-treated animals 
and groups receiving only sodium chloride were studied simultaneously and the data 
on the corresponding groups compared. 

REStlXTS 

The average leucocyte count of adrenalectomized rats receiving either compound 
A acetate or adrenal extract was slightly lower than that of those receiving saline 
(26, 29 and 30 thousand per cu. mm. for compound A acetate, adrenal extract and 
saline, respectively). The hormone-treated animals had a somewhat higher per- 
centage of polymorphonuclear neutrophiles (23 per cent) than those treated only with 
sodium chloride (17 per cent). Sixty minutes after receiving typhoid vaccine, both 
the hormone and saline-treated groups usually showed some decrease in total leu- 
cocyte count with relative lymphocytosis. In some instances, the greatest per- 
centage of lymphocytes was found 45 minutes following administration of toxin, 
whereas in others, an even greater percentage was observed at 60 minutes (fig. i). 
This difference is possibly due to variations in the rate of absorption of the'toxin. 

Little change in the blood leucocyte or lymphocyte level of adrenalectomized rats 
was observed two hours after injection of adrenal extract, compound A acetate or 
saline (fig. 2). In contrast with the minimal changes observed in these groups, the 
animals showed large shifts two hours after receiving t)T3hoid vaccine and hormone, 
or typhoid 'vaccine and saline. The total leucocyte count of the hormone-toxin- 
treated animals showed only slight changes. The large decrease in circulating lym- 
phocytes in the hormone-treated anunals was accompanied by an increase in poly- 
morphonuclear neutrophiles (7.9 thousand per cu. mm. in the adrenal extract-treated 
animals and 8.3 thousand per cu. mm. in the compound A acetate-treated group). 
On the other hand, the saline-treated animals which received typhoid vaccine showed 
an average decrease in leucocyte count of 5.3 thousand per cu. mm. and an average 
increase in the polymorphonuclear neutrophiles of only 4.6 thousand per cu. mm. 

All of the animals receiving hormone injections were ahve 24 hours after injection 
of typhoid vaccine, while all those treated only with saline died. 

No significant change in level of hemoglobin was observed following typhoid 
vaccine injection in the animals receiving adrenal extract or compound A acetate. 



LENA A. LEWIS AND IRVINE H. PAGE 


Volume 153 


ISO 

It ranged from 12 to 14 grams per 100 ml. of blood. In contrast with the hormone 
groups, the saline-treated animals showed definite increase in hemoglobin concen- 
tration two hours following typhoid vaccine. From an average level of 13.5 grams 
before toxin, it rose to an average of 15.5 grams per 100 ml. of blood. It is interesting 
that despite hemoconcentration, the blood leucocyte count decreased in the saline- 
treated group, whereas it remained unchanged in the hormone-treated groups which 
showed no hemoconcentration. 

The leucocyte counts on the adrenalectomized rats were higher than might be 
expected in animals free of infection. However, all of them appeared healthy and 
showed weight gain. Furthermore, the control and hormone-treated animals were 



Fig. I, Change in the percentage of lymphocytes in the blood of adrenalectomized ex 
tract-treated and adrenalectomized saline-treated rats 45 minutes, 60 minutes and 120 minutes after 
the intraperitoneal injection of 1.33 M.L.D. typhoid vaccine. 


Studied simultaneously. Each animal served as its own control, as the blood count 
obtained immediately before injection of hormone or saline and typhoid vaccine, or 
of hormone and saline alone, was compared with the count obtained two hours later. 

Normal rats which received a lethal dose of typhoid vaccine showed a somewhat 
greater decrease in the leucocyte count two hours after administration of vaccine 
than normal animals which received a sublethal dose (1.33 M.L.D., the M.L.D. 
being determined on adrenalectomized rats), figure 3. The difference between the 
two groups was not as great as between the hormone and nonhormone treated adre- 
nalectomized animals. It is possible that greater differences would have been found 
had counts been taken nearer the time of death in the lethal dose group. In normal 
animals death usually occurred 10 to 24 hours following one M.L.D. of toxin (M.L.D. 
as determined on normal animals) while in adrenalectomized rats death usually took 




April ig4S ' 


leucocytes and typhoid vaccine 


151 


Thou«.nd/cu.mt»t ESD Uukocyfes M Lymphocyfes 



Fig. 2. Change from preinjection level in the blood leucocyte and lymphocyte count of 
adrenalectomized rats two hours after injection of i.o ml. adrenal extract, group 1; i.o ml. adrenal 
extract and 1.33 M.L.D. typhoid vaccine (intraperitoneal) group 3; 0.4 mgm. compound A acetate, 
group 3; 0.4 mgm. compound A acetate and 1.33 M.L.D. typhoid vaccine (intraperitoneal), group 4; 
1.0 ml. 0.9 per cent sodium chloride solution, group 5, and 1.0 ml. 0.9 per cent sodium chloride solu- 
tion and 1.33 M.L.D. typhoid vaccine (intraperitoneal), group 6. 


Thousand/cu mm. 



Fig. 3. Change FROM PREINJECTION level 
in the blood leucocyte and lymphocyte count of 
normal rats two hours after the intraperitoneal 
injection of 1.33 M.L.D. (as determined on ad- 
renalectomized rats) typhoid vaccine, group A, 
and two hours after the intraperitoneal injection 
of 1.0 M.L.D. (as determined on normal rats) 
typhoid vaccine, group B. 
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place 3 to 6 hours after 1.33 or i.o M.L.D. typhoid vaccine (M.L.D. as determined 
on adrenalectomized rats). 

Shifts in the eosinophile level following typhoid vaccine injection in both normal 
and adrenalectomized animals were small, but tended to show a slight increase in 
percentage and absolute number. 

Blood counts made on a series of 16 normal people before and four hours after 
receiving immunizing doses of typhoid vaccine showed a marked leucocytosis with 
a relative and absolute lymphopenia. The changes were similar to those observ^ed 
in adrenalectomized-adrenal hormone-treated rats and in normal rats after injection 
of typhoid vaccine. Whether the leucocyte pattern in human beings with decreased 
adrenal cortical activity would show shifts following typhoid vaccine similar to that 
of adrenalectornized-typhoid vaccine- treated rats is still to be investigated. 

DISCUSSION 

The veij’’ rapid changes in the white blood cells which occur following typhoid 
vaccine administration in saline-treated adrenalectomized animals provides 'evidence 
that, at least for a short time, certain important shifts can occur even an the absence 
of adrenal cortical hormone. The rapid decrease in circulating lymphocytes can 
occur without mediation of administered adrenal hormones. On the other hand, the 
large increase in circulating neutrophiles following toxin appears to be in part depend- 
ent on their presence. 


SUMMARY 

Adrenalectomized rats treated for two days with either adrenal extract or com- 
pound A acetate showed no significant change in blood lymphocytes or leucocytes 
two hours after injection of these hormones. Nor did saline-maintained rats show 
changes after saline injection. 

' Tntraperitoneal injection of typhoid vaccine markedly lowered the lymphocytes 
two hours after injection, whether or not the rats had been previously treated with 
adrenal extract, compound A acetate or saline. In contrast, the polymorphonuclear 
neutrophiles increased. This increase was significantly greater in the hormone- 
treated animals. 

Normal rats and human beings injected with typhoid vaccine showed a decrease 
in lymphocytes and increase in polymorphonuclear neutrophiles, similar to that 
observed in adrenalectomized-adrenal hormone-treated rats following injection of 
typhoid vaccine. 

It is concluded that the lymphopenia elicited by typhoid vaccine is not deperid- 
ent on adrenal cortical hormones, but the concurrent polymorphonuclear leucocytosis 
is augmented by their presence. 

We thank Dr. Randolph Major of Merck and Company for the dehydrocorticosterone acetate. 
Dr. M. Kuizenga of Upjohn Company for the adrenal extracts and Mrs. Irene Smith Sparks for 
valuable help on the blood counts. 
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CHANGES IN ARTERIAL INFLOW IN THE DOG’S LEG 
FOLLOWING VENOUS OCCLUSION: EVALUATION OF 
RESULTS OBTAINED WITH DIFFERENT TYPES OF FLOW 
RECORDERS^ 


D. E. GREGGS W. H. PRITCHARD, and R. E. SHIPLEY’ 

From the Department of Medicine, Western Reserve University School of Medicine 


CLEVELAND, OIIIO 

C linical experience has generally supported the belief that a limb deprived 
of its main arterial blood supply is benefited by surgical ligation of its main 
vien. The circulation of blood through the limb would appear to be enhanced 
by the procedure, inasmuch as the incidence of gangrene is reported to be less in 
limbs subjected to ipsilateral venous ligation operations. 

Various theories have been advanced to explain these results. Anatomical studies of injected 
specimens suggest that the finer blood vessels increase in size without appreciable increase in their 
number (i). The more recent views on the subject are contained in the papers of Linton, Morrison, 
Olfeder and Libby (2), and Friedland, Hunt and Wilkins (3). The former group has reported that 
partial obstruction of the venous outflow from the leg of the dog caused a prompt and considerable 
increase in blood flow through the femoral or iliac arter3^ when measured with a thermostromuhr. 
The increase in arterial blood flow was reported to occur during the period of congestion, rather than 
after the release of venous compression, and hence they have advocated prolonging the period of 
venous stasis when intermittent venous occlusion is used. The latter group (3), using a plethysmo- 
graph on the legs of normal patients, has indicated that a reduced arterial inflow occurred, during 
venous compression from the application of a tourniquet. 


Since present views differ with respect to the immediate blood flow benefits of 
such a procedure, animal experiments were performed using several different instru- 
ments to determine the changes in arterial inflow to a limb which might occur with 
partial venous occlusion. It was hoped that such a study might also help to explain 
why different previous methods have yielded results which are diametrically opposed. 
For this reason, the blood flows were measured by the rotameter, orifice meter and 
thermostromuhr. 


METHODS 


The experiments were performed on 30 mongrel dogs ranging from 10 to 15 
kilograms in weight. After preoperative administration of morphine sulfate, and 
either sodium pentobarbital or sodium amytal, a leg artery and vein (iliac or femoral) 
were exposed and isolated. 

In some experiments, after injection of pontamine fast pink (150 mgm/kilo) and 
heparin (i mgm/kilo), the rate of arterial inflow was recorded by an optically record- 
ing rotameter (4, 5) or orifice meter (6, 7) inserted between the cut ends of the artery. 
In other experiments, the Baldes-Herrick type of thermostromuhr (8) was used alone 
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to measure arterial inflow, or was applied to the same artery in series with the ro- 
tameter or orifice meter. The thermostromuhr was usually calibrated in situ if it had 
been used to measure flow simultaneously with the rotameter. To do this, the out- 
flow from the rotameter (which was downstream from the thermostromuhr) was 
shunted by means of a rubber tube to the femoral vein of the opposite leg and the rate 
of blood flow adjusted manually by a screw clamp during the calibration. Occasion- 
ally, the thermostromuhr calibration was performed on the same vessel removed to an 
artificial circulation system. 

In those experiments in which the thermostromuhr and rotameter were used to 
measure flow simultaneously in the same artery, the rotameter flow values were deter- 
mined by reading the height of the rotameter float at regular intervals (9), the time 
being indicated on the camera. The nonrecording type of rotameter was used in 
these instances, since it has a minimal damping effect on the phasic oscillations of the 
flow pulse. As desired, mean or phasic arterial pressures were optically recorded 
(10, ii) from a side connection on the rotameter or orifice meter cannula, while the 
venous pressure was similarly recorded from a T-tube inserted in the femoral vein. 

Elevation of venous pressure was induced by clamping either the femoral or iliac 
vein of the limb or by placing a rubber tourniquet around the thigh under the femoral 
artery in which the flow was being measured. Elevation of venous pressure was 
maintained continuously for one to 15 minutes. 

The arterial blood flow was measured either with the natural limb temperature 
prevailing or with the limb temperature and/or its arterial flow artificially elevated 
by the use of heat lamps, hot packs or by recent sciatic nerve section or block. 

The flow changes as shown by the rotameter, orifice meter and thermostromuhr 
will be considered separately. 

RESULTS 

I. Rolameler. Figure i illustrates the typical changes in the mean rate of flow 
through the femoral artery as recorded by an optically recording rotameter during 
and after temporary occlusion of the ipsilateral femoral vein. Flow in the femoral 
artery at first decreases considerably and then partially returns toward the control 
flow level. Immediately following release of the venous clamp, the arterial flow rises 
temporarily to exceed the control value. In no experiment has the partial restoration 
of flow which occurs late during the elevation of venous pressure ever approximated 
the control flow. Usually, this trend was less than that illustrated in figure i. The 
increase in blood flow following release of the venous clamp has never been found to 
compensate quantitatively for the flow deficit incurred during the period of venous 
pressure elevation. The application and release of a leg tourniquet caused the same 
directional changes in flow as with a single vein occlusion. 

In other experiments using the rotameter, similar qualitative flow responses 
occurred when flow was measured in the iliac artery during temporary occlusion of 
the ipsilateral iliac or the femoral vein. 

Under conditions in which the control arterial blood flow was greatly increased 
either by warming the limb to a temperature above normal or by section or block of 
the sciatic and femoral nerves, subsequent venous occlusion or application of a tourni- 
quet caused the same directional flow changes as before, but the flow depression 




Fig. I. Photograph of originai, record showing the changes m mean flow in the femoral 
artery (as recorded by the optically recording rotameter) during occlusion (|,) and release (']' ) of the 
ipsilateral femoral vein. Vertical intercept, one-minute period of venous occlusion deleted. U pper 
curve (P), mean femoral artery blood pressure; Imver curve (R), mean femoral arterj' flow as recorded 
with the rotameter; time interval, s seconds. 

Fig. 2. Reproduction of segments of a series of original records showing the effect of 
femoral vein occlusion and release on phasic flow in the ipsilateral femoral artery. Ordinate scales, 
pressure in millimeters of mercury on left, flow in cubic centimeters per minute on right. Continuous 
narrow horizontal line in flow pattern indicates zero flow. Letters on each record segment are: top 
curve (P), femoral artery pressure; middle curve (VP), mean femoral vein pressure; lowest curve (0), 
velocity curve in femoral artery recorded by orifice meter; C, control record; FO, vein occlusion; R, 
vein release. Numbers on each record segment are; at top, time elapsed following venous occlusion 
and release of vein; middle, venous pressure. 

Fig. 3. Photograph of original record showing mean flow changes in the femoral artery 
during occlusion and release of the femoral vein. Upper curve (P), mean femoral artery pressure; 
middle curve^ (T), mean flow as recorded with the thevmostromuhr; lowest curve (R), mean flow as 
indicated with the rotameter; time interval, 5 seconds. 
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during venous occlusion and the flow augmentation after venous release were 
generally greater (records not shown). 

2. Orifice mclcr. Figure 2 illustrates the phasic flow pattern and mean blood 
flow changes in the femoral artery during occlusion and release of the femoral vein. 
Again, mean flow decreases during venous occlusion and increases following release. 
In the control record, a sizeable back flow component is present during the early 
part of diastole. This is the usual type of flow curve obtained in the femoral artery. 
The effect of venous occlusion is observable almost immediately in the phasic flow 
curves. Thirty seconds after venous clamping and with the femoral venous pressure 
at 38 mm. Hg, the diastolic back-flow component is increased considerably in rate 
and volume, while the forward flow in both systole and diastole is decreased. Main- 
tenance of venous occlusion up to seven minutes, with elevation of venous pressure 
to 66 mm. Hg, does not materially increase the back-flow component or reduce the 
forward flow in systole and diastole. Within 30 seconds following removal of the 
venous occlusion, and as the. venous pressure returns toward normal, the back-flow 
component disappears as both systolic and diastolic flows increase greatly. The 
heart rate remained constant at 178 to 180 per minute. 

Similar flow pattern and volume flow changes occurred during venous occlusion 
when the sciatic nerve had previousl)’^ been sectioned to increase the control flow and 
to decrease its back flow component. 

3. TJiermoslromnhr with rotameter or orifice meter. Blood flow in the femoral 
artery during local venous occlusion was recorded by the thermostromuhr alone, or 
simultaneously by the thermostromuhr and either the rotameter or orifice meter. 
The flow trends were identical in all experiments. Reproduction of a typical record 
in which flow was indicated by the rotameter and thermostromuhr is shown in figure 
3. As in figure i, the arterial flow to the limb as measured by the rotameter dimin- 
ishes during venous occlusion, rises temporarily to exceed the initial level after flow 
through the femoral vein is reestablished and then returns essentially to the control 
level. The control thermostromuhr arterial flow, however, is of considerably greater 
magnitude, 150 cc. versus 44 cc. per minute, and coincident with elevation and re- 
duction in local venous pressure, the flow apparently increases and decreases, re- 
spectively. In general, the thermostromuhr flow record is a mirror image of the 
rotameter flow curve. 

DISCUSSION 

The present experiments demonstrate that, coincident with the elevation and 
subsequent reduction of venous pressure in an extremity, the arterial inflow decreases 
and then increases, respectively, when measured by the rotameter and orifice meter, 
while the thermostromuhr indicates that the inflow first increases and then decreases 
during this procedure. 

As reported in previous communications (4-6, 7> 9)> t^sts have shown that the 
rotameter and orifice plate meter are adequate for quantitative measurements of 
mean and phasic blood flow, respectively, and the absolute flow values may be ac- 
cepted as being correct within a 10 per cent experimental error. 

Therefore, there is no reasonable doubt that arterial blood flow to a limb of an 
experunental, anesthetized animal is acutely decreased during temporary venous oc- 
clusion of the ipsilateral limb vein. This agrees with the findings of Wilkins el al. 



VENOUS OCCLUSION 


April 194^- 


IS7 


(3) that blood flow into the extremities of man, as measured by the plethysmograph, 
is usually reduced during local elevation of venous pressure by a tourniquet. 

The apparent flow increase during venous occlusion, observed with the ther- 
mostromuhr, was invariably found by Linton et al. (2), but the decrease in flow 
following release was not always observed. The reason why the flow changes indi- 
cated by the thermostromuhr are diametric opposites of those obtained with other 
flow recorders remains to be explained. A reasonable explanation can be deduced 
from the drawing in figure 4, which has been assembled from actual records and data 
obtained in different ex-periments. The curves represent the changes in mean blood 
flow, phasic flow and back flow tliat occur simultaneously during elevation of venous 



Fig. 4. Schematic drawing to illustrate the dynamic changes in the vessels of extremities 
which are responsible for failure of the thermostromuhr to indicate correctly flow changes during 
local venous occlusion and release; P, mean blood pressure; 0 flow, phasic flow with orifice meter; 
T flow, thermostromuhr flow; R flow, mean arterial flow with rotameter; VP, mean venous pressure; 
hack fiow, black area; 0, zero flow. 


pressure, as recorded by the orifice meter, rotameter and thermostromuhr. It will 
be observed that a back flow component is normally present in the femoral artery 
flow pattern, is maximal during the period of greatest reduction in flow, and is largely 
or entirely absent during the early phase of recovery (following tourniquet release) 
when the flow is considerably increased. Although other mechanisms may be par- 
tially responsible, these changes in the back flow component are believed to be the 
main factor responsible for the failure of the thermostromuhr to indicate correctly 
the diminution and augmentation in flow which occur with the venous occlusion pro- 
cedure. Although the thermostromuhr method is subject to a number of errors, it 
has been previously demonstrated that the instrument is particularly sensitive ’to 
the presence of back flow in the cycle flow pattern (12,13). A very small back flow 
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of blood during each cycle alters the differential temperature at the thermocouples 
in such a manner that the galvanometer indicates a much larger flow of blood 
through the thermostromuhr than actually exists (see fig. 3). Under conditions 
in which the blood flow decreases and the back-flow component simultaneously 
increases in magnitude, the net effect upon the thermostromuhr is a decrease 
in the temperature gradient between the two thermocouples so that the instni- 
ment erroneously indicates an apparent increase instead of an actual decrease 
in blood flow. Similarly, an actual increase in blood flow sufficient to eliminate 
the back flow component from the flow cj’^cle may be recorded as an apparent 
decrease in blood flow (fig. 3). Thus, in terms of the experiments reported here, 
the magnitude of the effect of small increments of back flow, indicated by. the 
thermostromuhr as more flow, is greater than the effect of a large reduction in 
flow. Since, in the circumstances of these experiments, the back flow increased 
somewhat and the mean flow decreased greatlj"^, this flow instrument failed to 
indicate properly even the directional change in flow. 

SUJIirARY 

Experiments were performed to determine the effect of local elevation of venous 
pressure by tourniquet or partial vein ligation on arterial inflow to the leg of the anes- 
thetized dog as measured by the rotameter, orifice meter and thermostromuhr. 
With the rotameter and orifice meter, arterial inflow was found to decrease during 
venous pressure elevation and to increase temporarily above the control value im- 
mediately following release of venolis constriction. Tliere is no reasonable doubt 
that under these conditions the immediate effect of such a procedure is a decrease in 
arterial inflow into a limb. 

With the thermostromuhr, the inflow changes were reversed, increasing and de- 
creasing, respectively, with venous pressure elevation and release. These results 
are believed to be erroneous and can be attributed largely to the inadequacy of the 
thermostromuhr in measuring blood flow under conditions in which back flow is 
present in the cyclic flow pattern. 

The results of this study do not necessarily have any bearing on the therapeutic 
value of intermittent venous occlusion in the treatment of peripheral vascular dis- 
ease. 
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RENAL HYPEREMIA AFTER THE INTRAVENOUS INFUSION 
OF ADENYLIC ACID, ADENOSINE, OR ADENOSINE- 
TRIPHOSPHATE IN THE DOG 

C. RILEY HOUCK, ^ RICHARD J. BING,= FRANK N. CRAIG,’ and FRANK 

E. VISSCHER^ 

From the Department of Physiology, Neiv York University College of Medicine 

NEW YORK, NEW YORK 

R enal hyperemia (diodrast or PAH clearance), occurring too rapidly to be 
caused by hypertrophy of renal tissue, has been produced by tire injection of 
^pyrogenic inulin and triple typhoid vaccine into man (i, 2), dog (3) and seal 
(4), and by the infusion of glycine (5), oral administration of sulfates of tlie cinchona 
alkaloids (6) or a high protem diet (5) in the dog. It seemed of interest to investi- 
gate whether or not a similar, more pronounced, and perhaps more consistent h3^er- 
emia could be induced in dogs by the infusion of the natural tissue metabolites, 
adenylic acid, adenosine and adenosinetriphosphate (ATP). This was prompted by 
a) the demonstration in drloralosed cats by Keele and Slome (7) of an occasional 
renal vasodilatation and hyperemia following the parenteral injection of the sodium 
or magnesium salt of ATP and b) by the suggestion that these adenine derivatives 
might be important in the regulation of the circulation during rest and exercise (8) 
and during shock produced in tlie ‘crush syndrome’ (9, 10). 

EXPERIMENTAL PROCEDURE 

Glomerular filtration rate and effective renal plasma flow were measured according to the tech- 
nics described in a previous paper (ii). Mean arterial blood pressure was obtained by means of a 
femoral arterial puncture and a mercury manometer. 

The effects of the intravenous infusion of yeast (3 -adenylic),’ and muscle (s -adenylic)’ adenylic 
acid, yeast adenosine,’ or sodium adenosinetriphosphate’ on filtration rate and effective renal plasma 
flow were studied in 10 dogs, selected from the previous control series of 75 dogs (11). After two to 
three control urine collection periods, a separate infusion of the adenine derivative was started in a 
leg vein, and, after a discard period of from s to 10 minutes, from 3 to 8 additional urine collections 
were made. 

Plasma concentrations of yeast adenylic acid were determined in three e.vperhnents before, 
during and after the infusion of this material, by the spectrophotometric method of Kalckar (12) or 
Archibald (13). 

The barium salt of adenosinetriphosphate was purified and converted to the sodium salt be- 
Received for publication March 6, 1948. 

^ Present address; Department of Physiology, University of Tennessee, Memphis, Tennessee. 
2 Present address; Department of Medicine, The Johns Hopkins University School of Medicine. 
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’ 3-adenylic acid and yeast adenosine from B. L. Lempke Chemical Company, New York. 

« S-adenylic acid and sodium adenosinetriphosphate from Armour and Company, Chicago, 
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fore infusion as follows: one gram was suspended in s to lo cc. of water; 2 N nitric acid was added 
dropwdse until all of the compound was dissolved. After chilling, 20 per cent mercuric nitrate in 
0.5 N nitric acid was then added until no more precipitate was formed. The precipitate was washed 
twice with water and suspended in water and decomposed with h3’drogcn sulfide until completely 


Table i. Filtration rate, effective renal l>LAs^L\ flow and filtration fraction, during, 

AND after the INTRAVENOUS INFUSION OF ADENYLIC ACID, ADENOSINE OR SODIUM 
ADENOSINETRIPnOSPIIATE IN THE DOG F.Xl'RESSED AS PER CENT OF CONTROL 
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* Expressed as the dibariura salt of A.T.P. 


black. The mercuric sulfide was allowed to settle rendering a clear supernatant fluid, which was 
filtered. The filtrate was aerated for an hour and then neutralized to a pH of 7.5 with one N sodium 
hydroxide. The concentration of adenosinetriphosphate in this solution equivalent to the original 
barium salt was calculated from the concentration of hydrolyzable phosphorus.'^ Phosphorus was 
measured by the method of Fiske and Subbarow (14). For hydrolyzable phosphorus; an aliquot was 
heated in a boiling water bath at ico° C. for 15 minutes, after making the solution normal with re- 
spect to the hydrochloric acid. ' ' 

" Analyzed by Dr. George H. Hitchings at the Wellcome Research Laboratories, Tuckahoe, 
New York. 
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RESULTS AND DISCUSSION 

The effects of infusion of yeast and muscle adenylic acid, yeast adenosine and 
sodium adenosinetriphosphate on renal function are given in table i, which shows 
rates of infusion of these substances and the total amount infused, and expresses 
filtration rate and renal plasma flow during and for three urine collection periods after 
such infusions as per cent of control or the pre-infusion average for each separate ob- 
servation. The relationship between glomerular filtration rate and renal plasma 
flow during and after infusion is expressed graphically in figure i as percentage of 
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RENAL PLASMA FLOW — PER CENT OF CONTROL 

Fig. 1. Relation of filteation rate to renal plasma flow during and after the intravenous 
infusion of yeast adenylic acid {circles), muscle adenylic acid {triangles), yeast adenosine {squares), 
and sodium adenosinetriphosphate {hour glasses) in 16 experiments on 10 dogs. Open symbols indi- 
cate the infusion phase; closed symbols, the post-infusion phase. Movement of a point along the 
dashed line indicates proportional changes in both functions, i.e., no alteration in the filtration 
fraction. Movement of a point to the right indicates a decrease, movement to the left, an increase 
in the filtration fraction. 

control values. The time course of these effects during and after infusion of adenylic 
acid in three individual experiments are given in figures 2, 3, and 4. 

It is apparent that these effects on renal function fall into two phases: a) tlie in- 
fusion phase and b) the post-infusion phase. 

a) Infusion phase. The infusion phase is characterized by a variable reduction 
in blood pressure and a reduction in filtration rate ranging from 10 to 100 per cent, 
depending upon the degree of reduction in blood pressure. In the experiments where 
filtration is between 65 and 100 per cent of control (fig. i, open symbols), renal plasma 
flow remains constant or may increase to as much as i8q per cent of control (fig. 3). 
However, if filtration drops below 65 per cent of control, renal plasma flow also de- 
creases. In fact, if filtration drops to 37 per cent of control or below, the apparent 
renal plasma flow drops correspondingly to or very near zero in some instances (fig. 
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4). As long as flow is increased or is not markedly decreased, filtration fraction 
(filtration/flow) decreases (fig. i, 2, 3), However, when flow is decreased to 40 per 
cent of control filtration is correspondingly reduced, consequently, the filtration frac- 
tion is unaffected. 

The decreased blood pressure is due to a decrease in peripheral resistance caused 
by general arteriolar dilatation resulting from infusion of adenine derivatives (15, 16, 
17) . When blood pressure dropped to or below 70 mm. Hg both filtration rate and 
renal plasma flow were proportionally markedly reduced, to zero in some instances 



Fig. 2. Effects of the entravenous iNFtrsiON of 1.50 mgni./kgm./min. of yeast adenylic acid 
into a 17.8 kgm. dog for 35 minutes (total dose = 52.7 mgm./kgm.) on filtration rate, renal plasma 
flow, and filtration fraction, all plotted on logarithmic ordinates, and mean arterial blood pressure, 
urine flow, heart rate and rectal temperature. 

(table 1). This can be explained by a reduction in hydrostatic pressure in the glom- 
erulus and peritubular capillary plexus, due to a reduced blood pressure resulting 
from general arteriolar dilatation. As long as the blood pressure remains above 70 
mm. Hg, reduced filtration can probably be attributed in part to some degree of 
afferent arteriolar constriction. The failure of renal plasma flow to decrease as ex- 
tensively as filtration rate and the observed increase in flow coexisting with decreased 
filtration, resulting in a decreased filtration fraction in either case, suggest some degree 
of efferent arteriolar dilatation (2). 

b) Post-infusion phase. This phase follows immediately after stopping the infu- 
sion of tire adenine derivatives. It consists of an immediate return (fig. 2, 4) of blood 
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pressure and filtration to or near tlie control value, sometimes above control, and, m 
every instance, an increased renal plasma flow ranging from 1 1 1 to 240 per cent of 
control in individual urine collection periods (fig. i, closed symbols). This hypere- 
mia has been observed to last for as long as go minutes (fig. 2). Consequently, the 
filtration fraction remains reduced, indicating dilatation principally of the efferent 
glomerular arteriole and, to some degree, of the afferent arteriole (2). It is reason- 
able to believe that this renal arteriolar dilatation is part of the general arteriolar 
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Fig. 3. Effects of the intravenous infusion of i.io mgm./kgm./min. of yeast adenylic acid 
into an 8.8 kgm. dog for 23.5 minutes (total dose = 25.9 mgm./kgm.) on filtration rate, renal plasma 
flow, and filtration fraction, all plotted on logarithmic ordinates, and mean arterial blood pressure 
and urine flow. 


dilatation product by adenine derivatives, but our data suggest that tlie renal 
arterioles may be more sensitive to such vasodilators than are the extra-renal arte- 
rioles. 

Figure 4 shows an individual experiment in which 3.26 nigm/hgm./min. of yeast 
adenvlic acid were infused over a period of 12 minutes, making a total of 
39.2 mgm/kgm. infused. During infusion, blood pressure dropped from 115 to 40 
mm. Hg, the filtration rate to 6 and plasma flow to 7 per cent of the pre-infusion 
level. Immediately after stopping the infusion, blood pressure and filtration re- 
turned to normal, while plasma flow increased to 168 per cent of control and gradually 
returned to normal after about 100 minutes. Figure 3 shows that infusion of a 
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smaller dose of adenylic acid (i.io mgm/kgm./min. for 23.5 minutes, making a total 
of 25.9 mgm/kgm. mfused) can cause veiy little drop in blood pressure and no change 



m filtration rate and yet result in an increase in plasma flow to 155 per cent of control 
during the infusion. Termination of the infusion brought the blood pressure back 
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to the control level immediately, gradually raised filtration rate to 121 per c^it of 
control, but did not alter plasma flow from its infusion level, even after 50 minutes 
at which time the experiment was terminated. Figure 2 illustrates the effects of in- 
fusion of 1.50 mgm/kgm./min. of yeast adenylic acid for 35 minutes, giving a total 
of 52.7 mgm/kgm. infused. Here a moderate drop in blood pressure occurred dur- 
ing infusion from 160 to 95 mm. Hg, filtration to 58 per cent of normal, while renal 
plasma flow increased to 116 per cent of control. On cessation of the infusion, filtra- 
tion fraction returned to control, while plasma flow increased to 146 per cent of con- 
trol and persisted for 85 minutes at which time tire experiment was terminated. 



Fig. 5. Relation oe rn-iEATiON sate to eenal plasma plow during and after the intravenous 
infusion of adenylic acid or adenosme superimposed upon a control background based statistically 
upon this relation in 75 normal dogs (11). The ellipse embraces 70% of the points in the control 
series and corresponds roughly to a distance of ±1 standard deviation from the mean on a linear scale 
for one function. X and Y are lines of regression based on the control series. Cross-hatched circles 
indicate pre-infusion (control) values; open circles, infusion values; closed circles, post-infusion values, 
A. Experiment illustrated in figure 2. B, Experiment illustrated in figure 3. C. Infusion of 3.17 
mgm./kgm./min. of yeast adenosine in a 13,5 kgm. dog for 21 minutes (total dose = 66.6 
mgm./kgm.). 

The alterations in renal blood flow during and after infusion of these adenine 
derivatives are appar«itly statistically significant as revealed in figure 5 which shows 
that PAH clearance values for individual urine collection periods (solid symbols) in 
three experiments fall well outside the ellipse embracing 70 per cent of control filtra- 
tion and flow values determined in 75 normal conscious dogs and reported in a previ- 
ous paper (ii). 

Of particular interest is the rapid disappearance of adenylic acid from the blood 
after stoppage of the infusion of this compound. In conjunction witli Kalckar, 
blood levels of both yeast and muscle preparations of this compound were determined 
in two experiments and the results are reported in some detail elsewhere (17). In 
one, 17.8 kgm. dog ( 110 . 5), 26.8 mgm/min. of j^east adenylic acid were infused over 
a period of 35 minutes, giving a total of 938 mgm. infused. The pre-infusion plasma 
level of this compound was 0.25 mgm. per cent. Five minutes after starting the in- 
fusion (134 mgm. already infused) the level was 8.0 mgm. per cent. Eight minutes 
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after cessation of the infusion, tiie level had dropped to 4.7; 59 minutes after, to i.o 
mgm. per cent. In a similar experiment 214 mgm. of muscle adenylic acid was in- 
fused in a 15.8 kgm. dog {no. 75) over a period of eight minutes at the rate of 26.8 
mgm/min. The pre-infusion plasma concentration of this compovmd was 0.2; 5 
minutes after starting the infusion (147 mgm. already infused), 0.9; and 2 minutes 
after stopping the infusion, 0.25 mg. per cent. It is apparent that the muscle adenylic 
acid disappeared from the blood more quickly than the yeast preparation. This dis- 
appearance is attributed (17) to penetration into the cells and/or destruction by 
muscle and other cells, not solely to diffusion into tlie tissue fluid space. 

Results qualitatively similar to those described above for yeast and muscle 
adenylic acid were obtained with yeast adenosine and sodium adenosinetriphosphate 
(table I, fig. i). 

No significant correlation appears to exist between the above alterations of renal 
functions and either the rate of infusion or total amount of tlie experimental com- 
pound infused, when expressed on an absolute or on a kilogram basis (table i). 

However, it must be pointed out that the interrelationship of the above factors 
was not studied in the same animal, but in different animals. This may account for 
the poor correlation. One exception to this is dog 75 infused with various amounts 
of muscle adenylic acid at various rates. The infusion of 232 mgm. at 18.5 
mgm/kgm./min. resulted in a greater drop in filtration and renal plasma flow during 
the infusion, and a greater increase in flow in the post-infusion phase than did the 
infusion of practically the same total amount at 8.0 mgm/kgm./min. 

A comparison of the five adenine derivatives witli regard to their effects upon 
blood pressure or renal functions is not warranted in tins paper because tlie data are 
too few to draw any conclusions. 

Since pyrogenic substances produce renal hyperemia, it seemed necessary to 
eliminate an increased body temperature as a possible cause of the increased renal 
plasma flow obtained witli these adenme derivatives. Green and Stoner (18) found 
an increased oral temperature 45 minutes after the intravenous administration of 
from 0.25 to 1.78 mgm/kgm. of the magnesium salt of ATP in three normal male 
subjects. No significant increase in rectal temperature which might result in hyper- 
emia occurred in any of the dogs infiised in the present investigation with any of the 
adenine derivatives in amounts ranging from 8.1 to 98.5 mgm/kgm. 

Green and Stoner (18) report a diuresis in their cases mentioned in the previous 
paragraph. A moderate to marked diuresis was consistently observed in the present 
study in the post-infusion period. It occurred whether urine flow during the previ- 
ous infusion period was decreased or not. Such a diuresis was not due to the volume 
of isotonic saline used as the vehicle for the infusion of adenylic acid, but to the dis- 
solved experimental compound itself, for infusions of isotonic saline alone in com- 
parable volumes and at comparable rates were not followed by a diuresis nor by an 
increase in either filtration rate or renal plasma flow, which one would expect if the 
infusion were markedly increasing the plasma volume (19)* Consequently, the al- 
terations in urine flow and renal plasma flow herein demonstrated must be due to 
the experimental compounds themselves. 

No attempt has been made in this investigation to determine conclusively the 
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mode of action of adenylic acid, whether it acts directly upon the renal arterioles or 
secondarily tlirough the splanchnic vasoconstrictor or other nerve fibers to the 
kidney. Since these adenine derivatives alter the tone of blood vessels in a perfused 
heart-lung-kidney preparation (16), and since the tone of the efferent arteriole can 
be altered by adrenaline and pyrogenic substances which appear to act directly upon 
the blood vessels (2), the authors favor the former explanation. Furthermore, the 
post-infusion hyperemia can hardly be attributed to a compensatory systemic reflex 
adjustment to the hypotensive state which occurs during the infusion phase, for such 
compensation would be expected to take the form of a vasoconstriction with a de- 
creased renal plasma flow instead of a renal vasodilatation with a hyperemia. 

The probable clinical significance of a renal hyperemia following the infusion of 
the adenine compounds cannot be estimated or properly appraised at this time. 
Since these compounds are general vasodilators, decreasing peripheral resistance to 
blood flow and thus causing a decreased blood pressure to shock levels, their use in 
the clinic to dilate renal blood vessels must be accompanied by the injection of some 
general vasoconstrictor. It is the hope that such a procedure might offset the extra- 
renal vasodilatation and prevent the decrease in mean arterial blood pressure, yet 
not act upon the renal arterioles. Ephedrine has been suggested (20) as such a 
vasoconstrictor substance, since it causes extrarenal vasoconstriction and raises blood 
pressure, but does not markedly alter renal blood flow (21). So far, the pyrogenic 
substances have been used with some reservation, with the aid of an antipyretic such 
as amidopyrine, to produce renal vasodilatation in human hypertension (22). It is 
obvious that these pyrogenic substances entail some risk due to their nature. 
Hfliether or not the correct combination of ephedrme and adenylic acid or some other 
adenine derivative will be the future renal vasodilator of choice for production of a 
much needed renal hyperemia in eclampsia, pre-eclampsia, hypertension and other 
conditions involving renal vasoconstriction must await further investigation. 

stramARY and conclusions 

1. The effects of the intravenous infusion of yeast and muscle adenylic acid, 
yeast adenosine or sodium adenosinetriphosphate upon glomerular filtration rate and 
effective renal plasma flow have been examined in 16 experiments in 10 conscious 
dogs. 

2. The effects of yeast or muscle adenylic acid upon these renal functions fall 
into two phases a) the infusion phase and b) the post-infusion phase. 

3. The infusion phase consists of a reduction in filtration rate ranging from 10 
to 100 per cent, depending upon the degree of reduction in blood pressure. If filtra- 
tion is between 65 and 100 per cent of the pre-infusion control, renal plasma flow 
remains constant or increases to as much as 180 per cent of control. However, if 
ffltration drops to below 50 per cent of control, plasma flow decreases, to zero in some 
mstances.^ In every case, the filtration fraction decreases. It is concluded that a 
combination of general arteriolar dilatation, afferent glomerular arteriolar constric- 
tion and efferent glomerular arteriolar dilatation accounts for tliese effects. 

4. The post-infusion phase begins immediately after stopping the acid infusion. 
It consists of an immediate return of blood pressure and filtration rate to or near the 
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pre-infusion control level and, in every instance, a hj’peremia, ranging from in to 
240 per cent of control and lasting for as long as 100 minutes. Consequently, the 
filtration fraction remains reduced, indicating dilatation principally of the efferent 
glomerular arteriole and, to some degree, of the afferent vessels. 

5. Qualitatively similar results are obtainable with yeast adenosine or sodium 
ad en osin etriphosphate . 

6. Under the experimental conditions of this investigation, no significant cor- 
relation could be established between t)ie alterations of renal function during the in- 
fusion and post-infusion phases and the rate of infusion or total amount of the par- 
ticular compound infused. 
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College of Medicine, for guidance and helpful criticism during the problem; to Dr. D. D. Van Sljke, 
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lic acid; to Dr. H. M. Kalckar, presently at the University of Copenhagen, Denmark, and to Dr. 
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STATISTICAL ANALYSIS OF FILTRATION RATE AND 
EFFECTIVE RENAL PLASMA FLOW RELATED TO 
WEIGHT AND SURFACE AREA IN DOGS 
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NEW YORK, NEW YORK 


and the Department of Physiology, University of Tennessee College of Medicine 

MEMPHIS, TENNESSEE 

A STATISTICAL analysis of renal plasma flow and filtration rate in the normal 
/\ dog, based upon a large series of observations similar to that available for man 
X ^(i, 2), has not hitherto been published. Since numerous investigators are 
using the dog in studying the effects of drugs, hormones and nervous factors upon 
renal hemod3mamics, control data on glomerular filtration rate and effective renal 
plasma flow obtained from time to time in our laboratories by various investigators* 
on 75 normal, trained, female dogs have been collated and are herein analyzed. 
The data serve to describe the normal range of each of these renal functions, relative 
to both body weight and surface area, in this species. The statistics, referred to 
body surface area, are compared with the corresponding statistics in man. 

EXPERIMENTAL PROCEDURE 


All dogs used in this analysis were females, trained to lie loosely restrained on a 
well padded animal board. In every instance the dogs were in the postabsorptive 
state and, in most instances, they were well hydrated before each clearance observa- 
tion, thus obviating variations in renal plasma flow and filtration rate due to dietary 
intake of protein or poor state of hydration (3). 

Surface area was calculated in most instances from the length-weight fonhula of Cowgill and 
Drabkin (4) as follows: 

^ , 2.268W®-’'’' X L 

10,000 

where S.A. is surface area in square meters, IF is the body weight in grams and Z is the length in 
centimeters from nose to anus, measured along the belly. In some cases, the belly length was un- 
available and tlie.Meeh-Rubner weight formula was used: 


10,000 ■ 

The dogs r anged in surface area from 0.353 to 0.880 m^; in body weight, from 5.6 to 19.5 kgm. 
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Glomerular fillralion rate was measured bj' the creatinine clearance (2) and eflectivc renal 
plasma flow by the clearance of p-aminohippuric acid (PAH) (5) . These clearances were determined 
simultaneously. Plasmas were precipitated for creatinine and PAH determinations by the cadmium 
sulfate method of Fujita and Iwatakc (6) and the creatinine concentrations of the plasma filtrate 
and diluted urines were determined by the method of Folin and Wu (7). PAH was determined by 
the method of Smith, Finkelstein, Aliminosa, Crawford and Grabcr (5). All colorimetric determi- 
nations were made in duplicate and read on an Eveljm photoelectric colorimeter or a Coleman Junior 
Spectrophotometer. Diuresis was produced either by the administration of 50 cc/kgm. of water by 
stomach tube 30 minutes before Uo, or by the intravenous infusion of a roper cent mannitol solution. 
Plasma levels of both creatinine and PAH were obtained by suitable priming injections into the 
jugular vein or infusion tubing 10 minutes before Uo and maintained by constant intravenous in- 
fusion into either a marginal ear vein or a leg vein by a gravity, mercurj'-drip pressure apparatus. 
Urine was collected b}’ an indwelling bladder catheter and blood was withdrawn periodically from the 
j'ugularvein through a 19-gauge needle. 

RESULTS AND DISSCUSlOK 

Average values for filtration rate and effective renal plasma flow in tlie 75 dogs 
are given in table 1, where the data are related botli to body weight and body surface 
area. The results of statistical analysis of these data appear in table 2. The rela- 
tionship between these two kidney functions is expressed graphically in figures r and 2. 
The ellipse appearing in eadi of these figures represents the area of a scatter 
diagram witliin which we may expect 70 per cent of the observations to fall by chance 
alone, assuming normal bivariant distribution.® The ellipse corresponds roughly to 
the range ±io- on a linear scale for one function. This convenient graphic method 
of expression ivas first used in renal physiology by Goldring, Chasis, Ranges and 
Smitli (i) and Smith (2) in tlie analysis of the same renal functions in man. The 
data which we have quoted on normal man (i, 2) have been related to body surface 

® The area of a scatter diagram within which we may theoretically expect 70 per cent of the 
observations to fall by chance alone is an ellipse formed by the equation 

2rxy y°\ 1 

^ \<7| <rx<^y ol-J 1 — r- 

where x~ Is taken from recorded tables (8) and is determined by P , the proportion of observations 
which may be expected to fall outside the ellipse bj' chance alone, and by «, the degrees of freedom 
in the system. Here P is 0.30 (i.e., 70 per cent within the ellipse) and h = 2; hence, x~ — 2.408. 
In the above equation x is the distance from mx along the x axis, y is the distance from my along the 
y axis, cr* and aj/ are the standard deviations of the distribution in the x and y direction, respective!}’’, 
and r is the coefficient of correlation, x is determined for various values of }' by resolving the above 
equation in the quadratic. 


X = ± jy y* ~ ^ writing 

a = — b = and c = —(1 — r^)x~ 
o-y (4 

An ellipse on a scatter diagram within which 70 per cent of the observations may be expected 
to fall by chance corresponds roughly to a distance from — nr to -ki'r on a linear scale for one vari- 
able (68 per cent of the observations). Pp. 637 and 638 (i). 
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TABLE I. — Continued 


DOC 

KO. OF 
OBSERV. 

BODY 

WEIGHT 

BODY 

SURFACE 

AREA 

(M^) 

riLTRA’nOK RATE {Cqj) IX 
CC/lUN. 

EFFECTIVT. EENAE PLASitA 
FLOW IN cc/min. 

FItTRATION 

Actu.il' 

v.tIuc 

Per 

kKm. 

body 

IVt. 

j Per m! 
body S.A. 



Per 

body 

S.A. 

FRACTION 

Ccr/Cpau 

44 

s 

iS-i 

.6go 

76.5 

5 -06 

no. 8 

200 

13.20 

290 

.382 

45 

4 

13-8 

.64s 

86,0 

6.22 

133-2 

243 

17.60 

376 

•334 

46 

I 

13-8 

■ 645 

71.2 

S-I 7 

IIO.O 

199 

14-45 

309 

•356 

47 

I 

II. 4 

.362 

35-6 

3-13 

63.3 

94 

8.24 

167 

.380 

48 

4 

II .8 

•S 74 

43-6 

3-87 

79.6 

138 

13.40 

27s 

.289 

49 

I 

9-3 

.500 

26.3 

2.84 

32.3 

lOI 

10.90 

202 

•239 

50 

I 

8.7 

• 47S 

27.4 

3.16 

57-2 

83 

9.60 

173 

•331 

SI 

4 

18.2 

.812 

86.0 

4.73 

106.0 

309 

17.00 

380 

•279 

52 

I 

13.4 

.630 

33-6 

4.00 

83.0 

238 

17.70 

378 

.223 

S 3 

5 

II. 2 

.6go 

5 I-S 

4.60 

74.9 

129 

11.32 

187 

.400 

S 4 


8.1 

•303 

33-0 

6. So 

109,0 

182 

22.43 

332 

•329 

ss 

I 

11.7 

.610 

SI -9 

4-43 

83.0 

II7 

10.00 

192 

.443 

S6 

4 

10.6 

.615 

62.3 

5-90 

loi .4 

186 

17-30 

302 

•336 

S 7 

3 

14.7 • 

• 67s 

76.4 

5-20 

113-2 

270 

IS.40 

400 

.283 

S8 

I 

II. 8 

.388 

37-2 

4-83 

97-3 

156 

13-20 

265 

.368 

S 9 

3 

8.3 

.308 

23-4 

3.00 

49-9 

71 

8.40 

139 

• 339 

60 

2 

12.0 

•72s 

50.0 

4.16 

69.0 

103 

8.75 

145 

.473 

61 

I 

S.8 

.362 

24.4 

4.41 

67.4 

75 

13-05 

207 

.323 

62 

I 

6.0 

•371 

22.3 

3-74 

60.7 

66 

10.90 

177 

.343 

63 

I 

S.6 

•333 

21.7 

3-93 

61.3 

57 

10.10 

162 

.3S0 

64 

2 

11.83 

•378 

47-9 

4.04 

82.8 

139 

13.40 

27s 

.302 

6S 

2 

12. 5 

.602 

61 .2 

4.90 

loi .7 

211 

16.85 

351 

.290 

66 

2 

12.3 

.602 

39-8 

3-23 

66.2 

III 

9.00 

1S5 

.357 

67 

2 

12. 1 

•397 

42.6 

3.62 

71 .4 

129 

10,70 

217 

.329 

68 

2 

12.0 

• 39 ° 

33-4 

2.78 

60.3 

97 

8.05 

168 

.359 

69 

I 

10. 1 

.522 

44.0 

4-35 

84-3 

151 

12 .96 

231 

.336 

70 

I 

12.9 

.618 

47-3 

3.66 

76.4 

123 

9-54 

199 

.384 

71 

I 

15.0 

.6go 

39-0 

3-93 

83-4 

125 

8.30 

i8r 

.472 

72 

I 

16.0 

• 71S 

44.2 

2,76 

61.6 

162 

10. 10 

227 

.271 

73 

I 

18.0 

• 773 

73-3 

4.07 

94.8 

200 

II .10 

238 

.367 

74 

I 

18.0 

•775 

72,2 

4.02 

93-1 

199 

11.05 

257 

.362 

75 

1 

12. s 

.607 

63.2 

5.05 

104.0 

136 

12.47 

237 

.404 


Each value is the average of separate observations, the number of which is indicated in column 2. 
Each observation in turn is an average of from 2 to 3 individual urine collection periods of ap- 
proximately 10 minutes each. 


area and the statistical analysis is included for comparison witli the dog (fig- 3> 
table 2). 

In both dog and man, the correlation coefficient between renal plasma flow and 
filtration rate referred to surface area is good, i.e., in both species a high filtration 
rate is usually associated with a high renal plasma flow, and a low filtration rate with 
a low renal plasma flow. The difference in correlation coefficient in dog (0.79) and 
man (0.82) is probably not significant. It is interesting to note that the lines of 
regression in each species straddle the origin (figs, i and 3), indicating that the 
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physiological zero on the scale of one function is in the neighborhood of zero on the 
scale of the other function. 



Fig. I. Comparison of filtration rate (cch) and renal plasma flow (Cpab) as related 
TO body surface area in 75 NORMAL DOGS. Each point represents a different dog and is the average 
of from one to 19 clearance observations (table i). Dashed lines are the means for each function. 
The ellipse delimits the area of a scatter diagram within which 70 per cent of the points may be ex- 
pected to fall by chance alone, assuming normal bivariant distribution. X represents the regression 
of .v (renal plasma flow) on y (filtration rate), i.e., the variation along the x axis for a given value of 
y; and vice versa. 

Fig. 2. Comparison of filtration rate and renal plasma flow, as related to body 
tvEiGHT, IN 75 normal DOGS. See legend of figure i for details. 

Fig. 3. Comparison of filtration rate and renal plasma flow, as related to body 
surface area, in dog and man. The ellipse and lines of regression for the dog are transposed from 
figure 1. Those for man are calculated from data in the literature (2) and are summarized in table 
2 of this paper. 


Inspection of table 2 and figure 3 reveals certain quantitative differences between 
dog and man with regard to filtration and renal plasma flow. Per square meter of 
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body surface area, the dog has a greater mean filtration rate than man (84.4 vs. 75) 
but a smaller mean renal plasma flow (266 vs. 403), thus giving a higher mean 
filtration fraction in the dog (32 per cent) than in man (19 per cent).^ The coefficient 


TABLE 2. Statistical analysis of filtration ratf. and f.ffective renal plasma flow re- 
lated TO body MTJIGJIT and body surface area in the normal dog. comparison ''VITH 
SIMILAR STATISTICAL ANALYSIS IN NORMAL MAN* 


STATISTIC 

DOO (pS.ESr.NT STUDY) 

MAN (1, 2) 

CcK (cc/min.) 

CpAH (cc/min.) 

^cr/ 

f-PAH 

CiK (CC/ 

min.) 

*-rAn 

(cc/min.] 

f-Lv/ 

f-PAB 

m 

per kgm. 
j body wt. 

perm’ 

body 

S.A. 

per kcm. 
body wt. 

per m* 
body S.A. 

per m* 
body 
SJt. 

Number of cases n 



61 

Mean «» 

84.4 

i 

4.29 1 

266 j 

[ 13-51 

0.317 

75-0 

403 

0.186 

Range 

43-133 

2.15-8.32 




51.4-103.2 

198-546 

151-257 

Standard deviation 

a 

19. 1 

I .01 

66 

3-26 

i 

0 

b 

12.7 ' 

1 

1 1 

1 

78.5 

0.0244 

Coefficient of varia- 

tion 100 — 1 

m 

22.6 

23.6 

24.8 

24.1 

■ 

16.9 

1 

X 9 -S 

1 

i 

12. S 

Standard error ' 

<r 

m ~ 7” 

V n 

2.2 i 

0.115 

! 

7.6 

.375 

1 

1 0,006 

1.63 

10. 1 

1 

0.0031 

Coefficient of corre- 
lation r 

0.79 

0-73 

i 

1 


0.82 




Number of dogs = 75. Number of subjects = 6r. 

Number of simultaneous clearance observations = 258. Number of simultaneous 

Number of individual lo-minute urine collection periods = clearance observations = 

516 to 774 - 99 - 

Number of individual 10-15 
minute urine collection 
periods = 198 to 297. 

^ Data on man are from ‘combined series, normal men’, pp. 96-97 (2). 

of variation of filtration rate, renal plasma flow and filtration fraction in the dog is 
slightly higher than in man (table 2), indicating that renal function in the dog is more 
labile than in man. 

When filtration rate and renal plasma flow are related to body weight in the dog, 
the correlation is essentially as good as when these functions are related to surface 


This is of course true whether or not the two variables are simultaneously corrected to bod}' 
surface area. 
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area, and the coefficients of variation are practically the same. This would indicate 
that in dogs of the weight range studied here, body weight is as good a standard of 
reference as body surface area for these renal functions. However, studies on human 
infants suggest that tire correlation with surface area would probably be better over 
a wider range in animal size (9). 

SUMMARY 

1. A statistical analysis is presented of filtration rate and effective renal plasma 
flow, as related to body weight and surface area in 75 normal, trained, female dogs. 

2. The mean filtration rate in the 75 animals per sq.m, of body surface area is 
84.4 cc. per minute, with a standard error of 2.2; the range of observations is from 43 
to 133 cc. per minute. Expressed per kgm. of body weight these figures are: mean 
4.29, standard error 0.115, range 2.15 to 8.32 cc. per minute. 

3. The mean effective renal plasma flow in the 75 animals per sq.m, of body 
surface area is 266 cc. per minute, with a standard error of 7.6 ; the range of observa- 
tions is from 139 to 430 cc. per minute. Expressed per kgm. of body weight these 
figures are; mean 13.5, standard error 0.375, range 8.05 to 22.4 cc. per minute. 

4. The mean filtration fraction is 0.317, indicating tliat roughly 32 per cent of 
the plasma flowing through the glomerulus is filtered. 

5. The coefficient of correlation between plasma flow and filtration rate is 0.79 
when these are related to body surface area, and 0.73 when related to body weight, 
indicating a relatively good correlation regardless of the unit of body size, 

6. An ellipse has been calculated to delimit the area of a scatter diagram of 
filtration rate plotted against renal plasma flow within whicli about 70 per cent of 
observations may be expected to fall if we assume that we have a normal bivariant 
distribution. This is equivalent roughly to a range of ± icr from the mean on a linear 
plot of either function. 

7. The above statistics in the dog are compared with those in a combined series 
of normal men computed from data reported by other investigators. 

8. The dog has a higher filtration rate than man, but a smaller effective renal 
plasma flow, therefore, the filtration fraction in the dog is higher than in man. 
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COMPARISON OF THE ELECTROCARDIOGRAPHIC CHANGES 
PRODUCED BY HEATING AND COOLING EPICARDIAL AND 
ENDOCARDIAL SURFACES OF THE DOG \T:NTRICLEi 

H. E. HOFF AND L. FI. NAHUM 
From the Department of Physiology, McGill University 

MONTREAL, CANADA 

and the Laboratory of Physiology, Yale University School of Medicine 
NEW HAVEN, CONNECTICUT 

T here is no agreement regarding the contribution made by subendocardial 
layers of the myocardium to the electrocardiogram. According to one hy- 
pothesis, the whole of the ventricular electrocardiographic complex develops 
from the sequential appearance and disappearance of local differences of potential 
between the cavity and the external surface of the heart. 

Thus in the chest lead the R wave is supposed to develop as the wave of e.vcitation travels out- 
ward from endocardium to epicardium beneath tlie chest electrode and terminate when the full 
thickness of the myocardium in this region is depolarized. Similarly, the T wave is thought to repre- 
sent the recurrence of potential differences between endocardium and epicardium in the same area 
because of differences in the time and rate of rcpolarization. An upright T wave is said to indicate 
that the epicardial layers complete their rcpolarization earlier than the endocardial areas, while 
inversion of T is considered to have an opposite significance. Another hj-pothesis has been brought 
foward which derives the electrocardiogram as recorded from limb and chest leads from imbalances 
of potential caused by differences in the state of excitation and recovery of large segments of the 
heart without respect to their inner and outer lamellae. Thus in the standard limb leads of the dog, 
the electrocardiogram is considered to reflect the asynchronous excitation and recovery of large and 
relatively equal segments in the right and left ventricles. In the chest leads these segments arc still 
large but distinctly unequal in size and bear reference primarily to the position of the exploring elec- 
trode rather than to the anatomical division of the heart (i). .According to this view, the spread of a 
wave of excitation or of repolarization through the thickness of a ventricular wall is not detectable 
in the electrocardiogram (2). 

Experiments in which endocardial and epicardial extrasystoles were elicited from 
a great number of positions in both ventricles by means of electrodes placed directly 
opposite each other on the epicardium and. endocardium with each pair in the axis of 
the limb leads or directly beneath the chest electrode failed to reveal differences in 
configuration of the QRS complex between the endocardial and epicardial extra- 
systoles. These experiments made it improbable that waves of excitation traveling 
in either direction between the endocardium or epicardium are detectable in the 
standard body-surface leads, and highly unlikely that the R wave in the chest lead 
develops from the outward spread of the wave of excitation as it proceeds from the 

Received for publication February 12, 1948. 
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endocardium to epicardium through the thickness of the myocardium beneath the 
chest electrode. 

These results made it desirable to determine whether the T wave is in any way 
influenced in a comparable manner by the wave of recovery which might, depending 
upon differences in the relative rates of repolarization of epicardial and endocardial 
laminae, proceed from within outward or from without inward, and so produce in the 
chest leads inverted or upright T waves, respectively. The experiments now to be 
reported were carried out by the method first employed by Burdon-Sanderson and 
Page (3) of localized heating or cooling of restricted areas of both the endocardium 
and epicardium. 


METHODS 

The experiments reported here were carried out on 18 dogs, deeply anesthetized 
with nembutal and maintained on artificial respiration by endotracheal insufflation 
with oxygen. Full inflation of the lungs and practically full closure of the chest wall 
were maintained despite the ingress and egress of the fine rubber tubing carrjdng the 
cooling and warming fluid and the stem of the endocardial thermode. Curare was at 
times employed to suspend respiration motions. (Entocostrin, Squibb, kindly 
supplied by E. R. Squibb and Co., through the courtesy of R. M. Stoddard.) Tem- 
perature changes were produced by means of a flat thermode applied to the external 
surface of the ventricles, through which water at an appropriate temperature could be 
circulated (4) . In most instances the epicardial thermode was a hollow metallic disk, 
I cm. in diameter. The endocardial thermode consisted of a hollow plastic sleeve i.o 
cm. in diameter, carrying at its distal end a hollow brass tip 1.0 cm. in diameter and 
approximately 2.0 cm. long. Inlet and outlet tubes contained in the plastic sleeve 
supplied the tip with warm or cold water. Insertion and positioning of tlie endo- 
cardial thermode was facilitated by some flexibility of the plastic sleeve, which could 
then be maintained in the desired position by a supporting stem connected to the 
thermode by a universal joint. In a final model, an extension of one of the copper 
tubes supplying the brass tip served as an adjustable stem for the thermode. The 
over-all length of the thermode itself was 10 cm. 

In applying the thermode to the endocardium adequate contact at the chosen 
location was maintained without excessive pressure. This precaution was particu- 
larly necessary to avoid stimulation of the heart while a portion of the ventricle was 
being heated or cooled since the thermal gradient between treated and untreated 
regions increased the susceptibility of the heart to the development of ventricular 
fibrillation. 

Lead II and one of the precordial leads (CR, CF, CL, or CV) were recorded be- 
fore and during the heating and cooling of corresponding regions of the epicardium 
and endocardium in both the right and left ventricles. Control records were taken 
only after the positioned thermode was warmed approximately to the temperature of 
the heart and a steady T-wave height established. Usually the chest electrode was 
placed immediately external to the thermode, but in some instances the chest elec- 
trode was placed over the apex of the heart while the thermode was in position at the 
base, or the exploring electrode was placed over the apex of the heart while the ther- 
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mode was in position at tlie base or the exploring electrode was placed on the opposite 
side of the chest from the thermode. 

In all hearts studied, and particularly so in the smaller ones, the left ventricular 
cavity narrowed at the apex and the brass tip of the endocardial thermode often came 
in contact with the anterior, posterior or septal walls in addition to the wall directly 
under the position of the chest electrode, while at times the distal portion of the 
thermode came in fairly close contact with the septum near the base. Such unde- 
sirable contacts had to be avoided or minimized, for, as will be seen, different regions 
of the endocardium have a different influence upon a chest electrode fixed in any one 
position. 

RESULTS 

Whenever an area of the endocardium of either ventricle was heated or cooled, 
the effect upon the electrocardiogram recorded by an immediately external chest 
electrode was the same as when the overlying epicardium was heated or cooled (fig. 
1-4). Warming the endocardium increased the amplitude of the T wave, while cool- 
ing diminished or inverted it; similar treatment of the epicardium had the same effect. 
Whenever the region treated (endocardial or epicardial) was sufficiently distant to the 
position of the chest electrode the direction of the T-wave changes evoked by warming 
or cooling was the opposite of that resulting from similar treatment of the region lying 
directly beneath the chest electrode. 

In the left ventricular cavity it was found that such ‘distal’ effects were often 
produced by contact of the thermode with the septum. This made it necessary^ to 
keep the thermode well lateral to the septum when the effect of heating and cooling 
of the apex and lateral wall of the left ventricle was being studied in chest leads from 
the apical area. 

The heart regions contributing to Lead III were also explored. Warming of 
either the epicardial or endocardial surface of the anterior right ventricle resulted m 
inversion of Tg, while cooling either surface increased the height of Tg (fig- S> 
Warming of either the epicardial or endocardial surface of the left posterior ventricle 
resulted in increased height of Tg while cooling either surface decreased the height of 
Tg. Treatment of the upper third of the endocardial surface of the interventricular 
septum facing the left ventricular cavity as well as the overlying epicardial area re- 
sulted in T-wave changes similar to those obtained from treatment of the right 
anterior ventricle. 

The development of T-wave changes following heating or cooling of the endo- 
cardium appeared to be somewhat slower than that following epicardial treatment, 
and rarely reached the same magnitude. In each case, however, the development of 
T-wave change was progressive, and the maximum once obtained remained constant 
until the heating or cooling was discontinued. 

DISCUSSION 

The results obtained in these experiments on dogs’ hearts indicate that one can- 
not differentiate between the contribution of the endocardial and the overlying epi- 
cardial layers in the formation of the T wave. Acceleration of the rate of repolari- 











Fig. 3. November 25, ip^d. C V lead with chest electrode immediately external to 
LEFT APEX. Thermodes placed on left lateral wall at the apex, i.e., proximal to chest electrode. A, 
B, C thermode outside left ventricle; D, E, F, thermode inside left ape.x. A, D, control; B, E, cool 
ing; C, F, warming 

Fig. 4 Apri[ 2g ig4y. C V lead with chest electrode over left apex. Thermodes at 
the left base, i.e., distal to chest electrode; effects of warming and cooling are therefore the reverse 
of fig- 3 - A, D, control, thermodes outside and inside, respectively. B, E, cooling; C, F, warming. 

Fig. 5. December 4, 1^46. Lead hi. Thermodes at the posterior wall of the left ventricle 
near the apex; A, B, C, inside; D, E, F, outside. A, D, control; B, E, cooling; C, F, warming. 
(The elevation of the S-T segment in E is not due to anoxia or interference with circulation, but to 
a reversible effect of the cold itself.) 

Fig. 6. April 2g, ig4'p. Lead hi. Thermodes at the anterior base of the right ventricle; A, 
B, C, outside; D, E, F, inside. A, D, control; B, E, cooling; C, F, warming. 
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chest lead indicates the presence of delayed repolarization in a region beneath the. 
electrode, whUe an abnormally upright T wave indicates delayed repolarization in a 
region at a distance from the electrode. 

In analyzing the T-wave changes in Lead III resulting from heating and cooling 
selected regions of the endocardium and overlying epicardium, it can be seen that 
both surfaces act in a similar manner. Slowed repolarization of the anterior right 
ventricle and of some septal portions of the left ventricle is reflected in an increase in 
the amplitude of Ta, but this wave becomes inverted when repolarization is slowed in 
the left posterior ventricle. Although the present studies were restricted for techni- 
cal reasons to the anterior right and posterior left ventricles, there is no reason to 
doubt that the epicardial and endocardial surfaces of the posterior right and anterior 
left ventricles would behave in a similar manner. 

These experiments lend no support to the assertion that an endocardial lesion 
which slows or hastens repolarization w'ould produce alterations in the T wave in 
either the standard limb leads or in chest leads of a nature opposite to that rvhich 
would develop were the immediately overlying epicardium involved. In chest leads 
there are epicardial areas near the precordial electrode whose electrical effects are 
oppositely directed to those of epicardial regions at a distance from the electrode and 
thus produce opposite effects on the T wave. Likewise, there are endocardial areas 
subjacent to the electrode whose electrical effects are oppositely directed to those of 
endocardial areas at a distance from the electrode. At any one given region of the 
heart, however, the contribution to the formation of the T wave of the inner and outer 
layers of the myocardium is similar. These experiments therefore confirm for the 
T wave the view previously expressed for the R wave (4) tliat the full thickness of 
the ventricular wall underneath the exploring body surface electrode acts electrically 
as a unit. Factors which alter the rate of repolarization in any part of it will affect 
the T wave in the same manner. The influence of the electrical events from the 
muscle mass proximally oriented toward the exploring electrode is balanced with the 
electrical events occurring in regions of the heart at a distance from the exploring 
electrode without regard to distinction between epicardial or endocardial layers. 
Both the QRS complex and the T wave are inscribed as the result of the electrical 
events occurring simultaneously in myocardial regions proximal and distal to the 
exploring electrode. The positions and magnitude of the proximal and distal zones 
differ for each position of the exploring electrode and therefore require experimental 
delimitation for each separate lead. 

In the fight of these experiments it is difficult to discuss the results recently re- 
ported by Byers, Toth and Ashman (5) after heating and cooling the endocardium 
of the right and left ventricle in the dog. Their injection of as much as 50 cc. of 
Ringer’s solution in the arrested dog’s ventricle would almost certainly affect the 
whole of the endocardium and make it impossible to differentiate between its vari- 
ous regions, which, as the present experiments demonstrate, is necessary, especially 
in the left ventricle. Here it has been shown that the base acts differently from the 
apex, which also acts differently from the septum. Only by comparing a region of 
epicardium and directly underlying endocardium in their response to heating and 
cooling can one determine whether the endocardial contribution is electrically of 
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opposite sign to that of the epicardium. Despite the limitations of their method, the 
results of these authors on heating and cooling the right ventricle confirm exactly 
those now reported. They observed that cooling the right ventricular endocardium 
increased the amplitude of T3, while warming reduced it. This is exactly what 
happens when a localized area in the epicardium of this ventricle is cooled. The 
findings in our experiments on heating and cooling the right ventricular endocardium 
are indistinguishable from the changes obtained in the electrocardiogram following 
similar treatment of the overlying epicardium. 

It was noted that the effect upon the T wave of heating or cooling the endocardial 
surface was somewhat delayed when compared with similar treatment of the over- 
lying epicardium. The explanation for this phenomenon cannot be given on the 
basis of the experiments reported here. One possibility is that with the rapid blood 
flow around the endocardial thermode it was not possible to achieve the same temper- 
ature differences as when the thermode was on the epicardium. Another possibility 
is that only when the heat or cold applied to the endocardium penetrates to the 
epicardial layers does the T-wave change begin to appear. 

SUMMARY 

In 18 dogs the influence on the T wave in the standard limb leads and precordial 
leads was studied, following warming and cooling of restricted areas of the endocar- 
dium and overlying epicardium of both the right and left ventricles. In aU experi- 
ments the T-wave changes so produced were the same regardless of whether the 
endocardial or epicardial surfaces of a given region were warmed or cooled. Warm- 
ing the endocardium and epicardium of the zone underneath the chest electrode 
(both in the right and in the left ventricle) produced sharp increase in the positivity 
of T. Conversely, cooling this area produced inverted T waves. Warming areas 
at a sufficient distance from the exploring electrode produced opposite effects, namely, 
inversion of T regardless of whether the endocardium or epicardium was treated. 

In Lead III the effects of cooling or warming the endocardium in the right or 
left ventricle corresponded with results obtained from treatment of epicardial regions. 
Warming the anterior surface of the right ventricle endocardially or epicardially in- 
verted the T wave while cooling increased it. Some septal and basal areas of the 
left ventricle give similar results. Cooling the posterior surface and apex of the 
left ventricle inverted the T wave whether the endocardium or epicardium was 
affected. Warming these regions elevated the T wave. 

The experiments lend no support to the theory that differences in rate of re- 
polarization between epicardial and endocardial myocardium are responsible for the 
formation of the T wave. 
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EFFECTS OF PERCUTANEOUS STIMULATION ON THE 
CIRCULATION IN NORIMAL AND IN PARALYZED 
LOWER EXTREMITIES 
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Mayo Foundation 

ROCHESTER, MINNESOTA 

I T IS generally recognized that voluntary muscular activity produces an increase 
of the circulation of the muscles. However, it is not clearly known what effect 
percutaneops electric stimulation would have on the blood flow in normal and in 
paralyzed (spastic and flaccid) human extremities. The purpose of this study was 
to investigate a) whether, and to what degree, percutaneous electric stimulation of 
normally innervated muscles would increase the circulation in the stimulated extrem- 
ity; b) what effect a similar stimulation of extremities (spastic and flaccid) deprived 
of voluntary activity would have on their circulation. 

In 1877 Gaskell (i) observed a great increase of venous outflow at the beginning of tetanic con- 
traction of muscles. The outflow then diminished while the stimulus was continued. He reported 
that a greater amount of blood was supplied per unit of time to a rhythmically contracting muscle 
than to a resting one. 

Benedict and Parmenter (2) obtained a reduction of cutaneous temperature of the extremities 
after a period of stair-climbing or walking on a treadmill in spite of the associated increase of pro- 
duction of heat as a result of the augmentation of metabolic rate. They explained these findings by 
stajting that after exercise vasoconstriction of cutaneous vessels occurs and more blood from the 
periphery goes to the activated muscles. On the contrary, Grant and Pearson (3) obtained an in- 
crease of the temperature of the skin over contracting muscles during rhythmic exercise. This was 
considered as a transfer of some of the heat to the skin from the underlying muscle well heated from 
activation. Eggleton (4) stated that the temperature of the skin over an active muscle may rise 
more than 1° C., while Lends and Pickering (s) noted that exercise of the hypothenar muscles led to 
warming of the ulnar side of the hand by 2° or 3° C. within ten minutes. 

Grant (6) investigated plethysmographlcally the circulation in the forearm alone after producing 
arterial occlusion at the wrist. He found that immediately af ter contraction the blood flow increased 
and was sustained at a maximal level. Immediately after relaxation the flow increased enormously 
and then declined to control level. He reported an increase of the temperature of the skin over 
tonically contracted muscles. 

Kramer and Quensel (7) obtamed an increase of blood flow even during the time that the muscle 
remained contracted. This was confirmed by Biilbring and Bum (8). 

By the use of the thermostromuhr on the femoral artery in anesthetized dogs, Rein and asso- 
ciates (g, 10) obtained a great increase of blood flow in the artery during the application of short 
rhythmic tetanic stimuli on the muscle. However, during prolonged tetanic stimulation the blood 
flow abrup tly increased at first and gradually returned to the original level. 
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By the use of the hot wire anemometer in anesthetized animals Anrep and associates (ii) 
observed that during tetanic stimulation of the motor nerves there w’as a mechanical compression of 
the intramuscular vessels for a short period during which the arterial inflow into the muscles was 
greatly diminished or arrested. They stated that the blood flow w'as increased in muscles between 
contractions. 


METHODS 

The Stimulator described by Paul and Couch (12) was used for percutaneous 
electric stimulation of the muscles in the lower extremities of normal and of paralyzed 
human subjects. The stimuli were produced by condenser discharges at a frequency 
of 90 cycles per second with an intensity varying with the tolerance of the subject. 

The electrodes, one 4 by 5 inches (10 by 13 cm.) and the other 5 by 8 inches (13 
by 20 cm.), were soaked in a solution made up of 3 per cent lactic acid and 17 per. 
cent alcohol in water and were applied to specific areas of tlie extremity in which the 
blood flow was determined. The electrodes were applied, one to the dorsal aspect 
of the calf muscles, and the other just above the ankle. In a few cases the position 
of one electrode was alternated between the ventral and the dorsal aspect of the limb 
in order to determine whether such a change of position of the electrodes would pro- 
duce any diflterent effect. 

The temperatures of the skin were recorded galvanometrically by thermocouples 
applied to the internal aspect of the calf of tire leg before and after stimulation. 

The blood flow in the extremities was determined by the use of venous occlusion 
plethysmographs with a compensating spirometer recorder (13). The subject was 
placed comfortably on the test bed and the plethysmographs were applied to each of 
tlie extremities including the foot and leg up to one inch (2.5 cm.) below the tibial 
tuberosity. After a period of about twenty minutes in which the subject became 
adjusted to the plethysmographs and the surroundings, control cutaneous tempera- 
tures and determinations of blood flow were obtained. The plethysmographs were 
removed and electric stimulation was given to one extremity for fifteen minutes while 
the contralateral rmstimulated extremity was used as confibl. At the end of the 
period of stimulation the extremities were again introduced into the plethysmographs, 
and blood flow and cutaneous temperatures were determined in both the stimulated 
and the unstimulated extremity. The percentage change in blood flow was calcu- 
lated in every case from the total blood flow values and not from the values calculated 
per 100 cc. of tissue. 


RESULTS 

This study was made on 22 volunteer human subjects: 8 normals, 7 with spastic 
and 7 with flaccid lower extremities. Eight observations were performed on normal 
extremities, 22 on spastic extremities and 16 on flaccid extremities, making a total of 
46 observations. 

The average control blood flow per 100 cc. of tissue in the lower extremities was 
3.4 cc. for the spastic subjects, 3.2 cc. for the normals and 3.8 cc. for the flaccid sub- 
jects. Under the conditions of this study, the blood flow values in normal, spastic 
and flaccid lower extremities before stimulation did not differ significantly when con- 
sidered per 100 cc. of limb volume. 
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After electric stimulation the spastic lower extremities showed an increase of 
blood flow in ever}^ observation (table i). The average increase in flow over tire 
control was +111 per cent with a range from +32 per cent to +340 per cent. The 
clianges of cutaneous temperature were inconsistent; the temperatures were reduced 
in 3 of 21 observations and increased in the rest. After stimulation, the spastic pa- 
tients experienced a reduction of spasticity, which varied in magnitude and duration. 

Table i. Effects of percutaneous electric stimulation on blood flow and 
CUTANEOUS TEMPERATURE IN SPASTIC LOWTER EXTREMITIES 



STIMULATED EXTREMITY 

UNSTIMULATED EXTREMITY 

OBSERVA- 

Blood flow, cc. per 100 cc. of tissue 

Blood flow, cc. per 100 cc. of tissue 

TION 

Before 

After 

Percentage 

Change in 
skin 

temperature 

Before 

After 

Percentage 

Ch^i^ in 


stimulation 

stimulation 

change 

stimulation 

stimulation 

change 

temperature 





°C. 




-c. 

21 

2.0 

3.4 

+72 

+ I.1 

2.3 

2.3 

0 

—0.6 

20 

1-7 

3.5 

-f-io8 

-t-l.o 

1.5 

2.1 

+43 

-o-S 

30 

4-3 

S.6 

+32 

0 

3.0 

2.8 

“5 

+0.5 

3 

4.8 

7.9 

+65 

+I.S 

2.9 

4.0 

+40 

+ 1-3 

38 

2.6 

4.6 

-1-76 

+1.3 

1.7 

1.7 

— 2 

-1.9 

28 

1.9 

4.4 

+ 133 

-1.4 

2.7 

1.9 

-30 

—0.6 

S 4 

4-3 

5.9 

-H36 

+ 1-7 

3-7 

3-7 

+2 

+0.9 

13 

1-7 

2.7 

+S8 

-I"! .8 

2.4 

2.9 

+21 

+1.1 

6 

4-3 

7.1 

+64 

+0.3 

3.8 

2.8 

-25 

+0.7 

19 

3-7 

6-3 

+73 

+2.9 

3-3 

2.8 

-IS 

+0.1 

26 

4-2 

9.6 

+ 129 

+1.5 

3.7 

2.2 

-42 

+0.6 

18 

2.6 

6.0 

+ 133 

-i-0.6 

2.0 

1.2 1 

-42 

—0,1 

I 

3-6 

10.4 

+188 

+3.2 

1.9 



-b 2 .o 

10 

2.2 

5.3 

+ 143 

+1.5 

2.7 

3-1 

+17 

+O.S 

2 

2-3 

7.7 

+ 231 

+1.3 

3.1 

1.7 

-46 

— 0. I 

S 3 

S-i 

13.0 

+155 

— 0.2 

1.9 

3-2 

+6S 

+0.3 

S8 

2,6 

II .2 

+340 

-fo.8 

5 . 2 

10. 0 

+92 

-1-0.2 

59 

2.2 

6.2 

+ 176 

+0.9 

7.7 

6.2 

-19 

+0.2 

4 

S-o 

7.2 

+44 


4-3 

4.6 

+6 


5 ° 

4.1 

6.1 

+49 

— 0.2 

4.7 

5-6 

+ 18 

+0.7 

8 

4.6 

6.8 

+50 

+1.1 

5.3 

4.3 

-19 

— O.I 

. II 

4 .S 

8.1 

+79 

-t-0.2 

4.3 

6.3 

+46 

— 0.2 

Average 

3-4 

6.8 

+111 

+0.9 

3.5 

3.6 

+5 

-t-O. 2 


The change of blood flow and of cutaneous temperature in the unstimulated spastic 
extremity were inconsistent (table i). The spastic subjects tolerated a stimulus of 
considerably higher intensity than that applied to the normals. 

In the spastic subjects, the extremity to which the electrodes were applied re- 
sponded vigorously during tlie period of stimulation, but the contralateral limb wa= 
not always absolutely quiet. It gave a number of spontaneous movements. The 

attrftlble t 7 7 “ ‘'="’ spastic extremities is 

attributable to such active spontaneous movements. Figure r demonstrates blood 
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flow curves in the treated and the untreated extremity before and after electric stim- 
ulation. 



Fig, I . Effect of percutaneous stimulation on blood flow. Blood flow curves before and 
after electric stimulation of spastic muscles. The flow curves of the unstimulated contralateral ex- 
tremity are included for comparison. 


Table 2 . Effects of percutaneous electric stimulation on blood flow and 
CUTANEOUS temperature IN NORMAL LOWER EXTREMITIES 




STIMULATED EXTREMITY 



UNSTIMULATED EXTREMITY 

OBSERVA- 

Blood flow, cc. per 100 cc- of tissue 

Blood flow, cc. per 100 cc. of tissue 

TION 

Before 



1 Change in 
skin 

temperature 

Before 

After 

Percentage j 

Change in 


stimulation 

stimulation 

change 

stimulation 

Stimulation 

change | 

temperature 

42 

2.8 i 

3-0 

+ IO 

"C. 

— O.I 

3-1 

2.8 

! 

— 10 

0 

24 

3-6 

4.6 

-f-28 

—0.2 

3-5 

1.8 

-47 

-o.s_ 

s 

6.4 

9 -S 

+49 

0 

4.0 

5*5 

+36 

-0.4 

22 

2.1 ' 

3-1 

+49 

— O.I 

2-3 

1 .8 

— 22 

— 1.2 

63 

2-3 

4-4 

+93 

+0.4 

i-S 

1-4 

—6 

— I .0 

23 

4.2 

8.9 

+ IIS 

-0.4 

6.0 

7-7 

+28 

-0.7 

25 

2.8 

6.7 

+ 136 

-0.4 

3-4 

4.2 

+25 

0 

61 

1.9 

6.0 

+210 

—0.4 

2.1 

1-7 

-17 

1 

— 1 .0 

Average 

1 

3-2 

5.8 

+86 

j 

— O.I 

1 

3-2 

3-3 

— 2 

—0.6 


The blood flow in normal lower extremities of healthy subjects consistently in- 
creased as a result of electric stimulation (table 2). The average increase over the 
control flow was -1-86 per cent, with a range from -f-io per cent to -I-210 per cent. 
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Figure 2 presents blood flow curves in tire normal treated and untreated extremities 
before and after stimulation. The increase of blood flow in the normal extremities 
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Fig. 2. Blood flow curves before and after electric stimulation of normal muscles. 
The flow curves of tjie unstimulated contralateral extremity are included for comparison. 


■ BUTOO FU7W Its tA./aita. 
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TLp CURVES BEFORE AND AFTER ELECTRIC STIMULATION OF FLACCID MUSCLES 

ihe flow curves of the unstimulated contralateral extremity are included for comparison. 

IS less than that in the spastic extremities as a result of electric stimulation. This is 
attributable to the fact that normal subjects could not tolerate stimulation with as 
great an intensity as that applied to the spastic subjects. WTen the intensity of the 
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current was increased beyond a certain range, painful contractures occurred in the 
normal extremity. Of the eight normal subjects, six showed after stimulation a re- 
duction of cutaneous temperature of the stimulated extremity, one showed no change 
and one showed an increase. The changes of blood flow in unstimulated lower ex- 
tremities were inconsistent and the average change was insignificant, but the cutane- 
ous temperatures were unchanged in two subjects and significantly reduced in the 
rest. 

Sixteen observations were performed on the flaccid lower extremities of seven 
subjects who had lower motor neuron paralysis. None gave a vigorous response, 


Table 3. Effects of percutaneous electric stimulation on blood flow and 
CUTANEOUS temperature ON FLACCID LOWER EXTREMITIES 



STIMULATED EXTREMITY 

UNSTIMULATED EXTREMITY 

OBSERVA- 

Blood flow, cc. per 100 cc. of tissue 

Blood flow, cc. per 100 cc. of tissu 











Before 

After 

Percentage 

Change in 

Before 

After 

Percentage 

Change in 


stimulation 

stimulation 

change 

temperature 

Stimulation 

stimulation 

change 

slwiu 

temperature 





°c. 




°c. . 

44 

2.1 

3-1 

+48 

-fi .6 

3.3 

3.0 

— 10 

* — 1.2 

32 

8.5 

7-9 

-7 

— I .0 

8.6 

6.6 

-23 

+1.0 

29 

3-4 

3-5 

+3 

+ 1-5 

2.2 

3.1 

+44 

+1.0 

31 

5-9 

8.3 

+42 

-0.9 

6.8 

4.5 

• -33 

+0.7 

35 

7.1 

13.0 

+83 

-t-o.i 

6.2 

8.5 

+37 

+0.6 

14 

5-5 

3.2 

-41 

+1.7 

3.7 



+0.1 

7 

2.6 

2.6 

0 

-0.7 

2.6 

3.3 

+28 

+0.2 

66 

2.8 

3.5 

-t-26 

-1.4 




-0.7 

56 

2.4 

3.2 

+32 

— I.O 

2.7 

3.8 

+42 

0 

3 

2.7 

2.0 

— 26 

+ 0.8 

4.3 

3.7 

-14 

+0.5 

48 

2.4 

3.2 

+33 

+1.3 

2.1 

3.0 

+44 

+0.6 

34 

3-4 

3.7 

+9 

— 1.2 

3.0 

3.2 

+8 

+0.1 

33 

4-1 

4.9 

+ 21 

-0.9 

4.4 

5.0 

+ 13 

0 

27 

1.8 

2.6 

+43 

-0.4 

2.3 

3.1 

+33 

— 0.2 

36 

2.0 

2.8 

+37 


2.3 

3.5 

+52 


40 

4-3 

3-1 

-28 

— 1.6 

3.8 

3.8 

0 

+0.2 

Average 

3.8 

4.4 

+ 17 

— O.I 

3.9 

4.2 

’ +16 

+0.2 


a few showed perceptible contractions and no reactions could be observed in the rest. 
After stimulation, four subjects showed a reduction of blood flow, one showed no 
change and the rest showed a slight increase; the average was +17 pci" cent and the 
range was from —41 per cent to +83 per cent. Figure 3 shows blood flow curves of 
the treated and untreated flaccid extremities before and after stimulation. Before 
and after electric stimulation the cutaneous temperatures were recorded in 15 obser- 
vations. In nine they were decreased after stimulation, and in six increased. 

Comparison of the data (table 3) obtained on blood flow in the stimulated and 
unstimulated flaccid extremities indicates that the changes are of practically the same 
magnitude, thus signifying the ineffectiveness of electric stimulation of flaccid muscles 
on blood flow' in that extremity. 
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SUMMARY 

By means of the venous occlusion pletliysmograph with a compensating spirome- 
ter recorder the effects of electric stimulation on blood flow in tlie normal and para- 
lyzed lower extremities of 22 human subjects were studied. Cutaneous temperatures 
over the ventral aspect of the calf region of the legs were recorded before and after 
stimulation. 

All the observations on the spastic lower extremities gave as a result of stimula- 
tion a definite increase of blood flow, which averaged in per cent and ranged from 
32 per cent to 340 per cent more than the control value. After stimulation tlie 
spastic subjects experienced a reduction of their spasticity, which varied in magni- 
tude and duration. 

Similarly, after stimulation the blood flow in the treated extremities of normal 
subjects showed an increase, which averaged 86 per cent more than the control and 
ranged from 10 per cent to 210 per cent. The smaller magnitude of increase of blood 
flow in tlie extremities of normal subjects is attributed to their inability to tolerate 
as strong a stimulus as the spastic ones. 

Electric stimulation of flaccid muscles produced insignificant changes of blood 
flow. 

The increase of blood flow in the stimulated extremities, the muscles of which 
contracted vigorously on electric stimulation, and the insignificant increase or no 
change of blood flow in extremities, the muscles of whicli gave weak contractions or 
none on stimulation, strongly indicate that the increase of blood flow is chiefly con- 
tributed through the activated muscles. 

We gratefully acknowledge the excellent technical assistance of Mr. Adrien N. Porter. 
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FASTING DOG^ 
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GALVESTON, TEXAS 

T he production of exogenous urea varies with the protein intake; major 
catabolic stimuli such as exercise, starvation, fever and injury are kncwn to 
increase endogenous urea production. This common knowledge rests on 
experiments in which urea elimination into the bladder was properly accepted as an 
adequate index of urea production. More rapid changes in urea production, however, 
have received little attention and it has been tacitly believed that the fasting animal 
produces a relatively constant amount of urea except as the exhaustion of its glycogen 
and fat reserves leads to the greater use of body protein as a source of energy. 

The experiments here reported suggest that urea metabolism is subject to rapid 
changes whose immediate cause and control is unknown but which may be studied by 
modifications of the method here used. 

The general acceptance (i) of Marshall’s finding (2) that urea is nearly uniformly distributed 
through the body water makes possible the use of changes in the urea content of plasma samples as 
an index of change in the total urea content of the body. If the changes in urea content and the urea 
output into the bladder are known, the production may be computed (production = output ± change 
of urea content in total body water). These experiments examine the constancy of urea production in 
dogs fasting with and without induced water diuresis. 

Ogden (3) called attention to the fundamental relationship between urea output, urea produc- 
tion, total body urea and total body water by deducing the following formula: 

(UV):-(mOi T 
w = — 

Pi - Pe 10 

where: 

W = total body water (liters), 

Pi = mgm. urea in 100 cc. plasma water (start), 

P2 = mgm. urea in 100 cc. plasma water (end), 

(UV)i = urea output before diuresis (mgm./min.), 

(UV)« = urea output during whole diuresis (mgm./min.), 

T = total duration of diuresis (minutes). 

This formula assumes the constancy of the urea production and the uniformity of urea distri- 
bution in the body water. If the total water (W) be assumed as 70 per cent of the body weight, the 
same relationship can be used to test the constancj’ of urea production and to evaluate its changes 
quantitatively. 

ilETHOD 

Trained unanestlietized dogs (female) fasted for 24 hours were catheterized. 
Urine was collected continuously with no interv^al between the periods during which 

Received for publication March 2, 1948. 
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urine flow was measured and sampled. At the end of each period tire bladder was 
rmsed witlr several washes of water, tliis water being added to the collected urine. 
Wdien the collection periods exceeded tliree hours the animal was released from tire 
dog board and placed in a metabolism cage. At tlm end of the period the dog was 
recatheterized and the bladder washings added to tire collected urine. While on the 
dog board these animals were given continuous attention to keep them relaxed. 

Blood samples (3 cc.) were drawn from the jugular vein and immediately 
analyzed for urea by tire metlrod of Van Slyke (4). 

All the blood urea concentration figures here reported are m terms of mgm. urea/ 
100 cc. blood water. Approximately 250 mgm. of blood from eaclr sample were 
absorbed on weighed filter paper, weighed and dried to constant weight in a vacuum 
desiccator. 

Urine samples were analyzed for urea according to the method of Van Slyke (4). 


RESULTS 


Rale of urea produclion during fasting. Figure i (B, C and D) presents the blood 
urea concentration (expressed as mgm. urea/roo cc. blood water) and the rate of 
urea excretion (UV) in tliree fasting dogs. 

In dog I (B) during tlie first three hours (181 min.) of the experiment the urea 
concentration in the plasma water was unchanged (41.5 mgm. %); therefore, tire 
total urea production during this time was equal to the total urea recovered from the 
bladder (609 mgm.) and the average rate of urea production equal to 609/181 or 
3.36 mgm./min. (UV). This reasoning assumes uniform distribution of urea in the 
body water at the moments of the two blood samples. 

During the next nine and a half hours (571 min.) the urea concentration in tlie 
blood water declined from 41.5 to 37.4 mgm/ioo cc., suggesting that the production 
of urea was not keeping pace with the elimination. The elimination during this time 
totaled 1.672 grams. Therefore, the urea production was probably less than 1.672 
grams during these nine and one half hours or less than 2.93 mgm/min. This is 
definitely less than the previous rate of urea production (3.36 mgm/min.). 

If we assume that water was 70 per cent (5) of the body weight (12.5 kgm.), 
this animal had 8.75 kgm. water diluting the urea. The fall in blood urea from 
41-5 to 37.4 mgm. per cent would have entailed an excretion of 358 mgm. urea 
in excess of the production which must therefore have approximated 1.672 grams— 
^• 3^4 grams in nine and one half hours or 2.30 mgm/min. This is a reasonable 
agreement with the conclusion (urea production < 2.93 mgm/min.) of the previous 
paragraph. 


During tire subsequent nine hours (532 min.) the rate of urea elimination was 
about the same as before (UV = 2.78 mgm/min.). But during this time the urea 
concentration in the blood water rose from 37.4 to 41. i mgm. per cent. This (as- 
suming 70 per cent water) indicates a retention of 322 mgm. urea, so that production 
during this period must have been 1470 mgm. + 322 mgm. or 1.792 grams in nine 
hours or 3.36 mgm./min. 


Table i presents the calculations made according to the above reasoning with 
respect to each urine collection and blood sample taken from these three dogs, 
hor simplicity of reasoning in the foregoing paragraphs the whole of the experiment 
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on dog I -was recalculated fhree long subd^^i^^T This accounts for 

the minor differences between^rfm in the table. No 

attempt was made in the calcuIaiSKi^^Jakednto^l^^^^^e change in total body 

DIURESIS 


BLOOD UltLA 





HOURS 

Fig. I. Influence of diuresis and fasting upon the blood urea and urea elimination. 
(A) dog I, diuresis experiment (water given at o time); (B), (C), and (D) dogs i, 2, and 5, fasting 
without water. 


water due to known losses tiirough the bladder and unknown losses through the lungs 
during the experiment. 

The figures in table i for computed urea production (column 9) indicate that 
there are large changes of the order of 50 per cent or more of tlie initial values in the 
computed urea production rate. Those periods in which the blood urea level 
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(column 5) changed very little {dog i, period i; dog 2, period 4; dog 3, period 2) m y 
be taken as having greater precision since they depend in essence only upon the 
measurement of a large amount of urea collected from the bladder. In proportion as 
the correction (column 6) for blood urea changes becomes greater, peater inac- 
curacies are liable to creep into computation of urea production. In spite, however, 
of the complication of this method of determining tire rate of urea production and the 
possibility of error in the data from which the computations are made, the changes 


TABUE I. UREA PRODUCTION IN PASTING DOGS TOTHOUT WATER 










RATE OF 






BWb 

total 

E 

TOTAL 

PRODUC- 

UV 

DOG 

PERIOD 

TIME 

V 

CHANGE 

PRODUCTION 

TION 

I 

3 

3 

4 

s 

6 

7 

8 

9 

10 



mtn. 

ccimin. 

mgm /100 cc. 
water 

fwgm. 




mgmf 

m»«. 

I 

I 

181 

0.0468 

41. s 

+ 8.75 

609 

617-75 

3.42 

3.38 


2 ^ 

179 

0.0476 

41.6 

—61.2 

384 

522.8 

2 .92 

3-27 

(12.S kgm) 

3 

204 

0.064 

40.9 

-175.0 

576 

401.0 

1.97 

2 .82 

4 

189 

0.068 

38.9 

— 131.0 

512 

381.0 

1 .98 

2 .70 


5 

533 

0.066 

37-4 

+324-0 

1470 

1794.0 

3-37 

2.80 


6 

190 

0.046 

41. 1 
42.6' 

+131.0 

465 

596.0 

3-14 

2.46 

2 

I 

166 

0.0574 

34-9 

-23.1 

534 

SI0.9 

3-08 

3.21 


2 ^ 

181 

0.0610 

34-6 

-84.6 

70s 

620.4 

3-42 

3-90 

(ii.o kgm) 

3 

673 

0.047s 

33-5 

+131.0 

2430 

2561 .0 

3.81 

3.62 


4 

169 

0.0530 

35-2 

0 

370 

370.0 

2.19 

2.18 


5 

rSo 

0.0528 

35-2 

0 

00 

314 

283.2 

I-S 7 

I- 7 S 





34.8^ 






3 

I 

346 

0.0692 

31.6 

+27.3 

1183 

1210. 3 

3-50 

3-39 


2 ^ 

184 

0.055 

32.2 

-4.6 

477 

472.4 

2-57 

2.58 

(6.S kgm) 

3 

167 

0.060 

32.1 

— 182.0 

451 

269.0 

I .61 

2.70 


4 

749 

0-033 

28.1 

+S 9 -I 

io 6 o 

III9.I 

1.50 

1.42 


s 

144 

0.03s 

29.4 

1 30.7^ 

+S 9 -I 

232 

291 .1 

2,02 

1.62 


^ Period during which 12:00 noon occurred. Sample at end of experiment. 

Time — duration of urine collection; V — urine flow; BWb — urea in blood water at beginning of 
period; Total change — change in blood urea concentration X 70% body weight; E — total urea elim- 
inated in bladder (UV X T) ; Total production — elimination ± total change; Rate of production — 
total production/ time; UV — Rate of urea elimination into bladder. 


are so great that they cannot be ignored. Moreover, their variations do not appear 
to be random. 

This experiment demonstrates that urea metabolism is. subject to variable 
changes in response to unrecognized circumstances arising during a 23- to 27-hour 
period of observation. There is some suggestion in these figures that the urea pro- 
duction is higher at night than in the day-time. Moreover, there is a tendency for 
tlie plasma urea concentration to fall during the day and to be restored during the 
night. This suggests that the dianges in urea production are not caused by the 
dehydration resulting from withdrawal of water since changes from such a cause 
would likely be progressive. 
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Table 2. Urea production in pasting dogs apter water 


PERIOD 

2 

TlilE 

3 

V 

4 

BWb 

water 

S. 

TOTAL 

CHANGE 

6 

E 

7 

TOTAL 

PSODTTCTIOl 

8 

RATE OF 
PRODUC- 
TION 

9 

vv 

10 


min . 

cc - lmin . 

mgm./lOO cc 

V 

mgm . 

Vater 




mgm ./ 

min . 

I 

78 

I-2S 

54.9 

—960.0 

1203 

243 

3-12 

7-59 

2 

79 

4.88 

43-9 

-I-288.0 

1020 

1308 

16.6 

12.25 

3 

73 

4.48 

47-2 

- 35-0 

920 

885 

12.1 

12.71 


69 

3.06 

46.8 

+ 78.5 

667 

746 

10.8 

9.66 

5 

37 

0.603 

47-7 

- 157-0 

311 

154 

4-2 

8.50 

6 

125 

0.256 

45-9 

-394-0 

lOII 

617 

4.9 

8.10 

7 

77 

0.130 

41.4 

—306.0 

508 

202 

2.6 

6.60 

8 

36 

0.222 

37-9 

— 201.0 

248 

47 

1-3 

6.87 

9 

960 

o.iS 

35-6 

+43-6 

3780 

3824 

3-9 

3-94 

10 

200 

0.17 

36.1 

32. 82 

—288.0 

684 

396 

1.98 

3-42 

I 

77 

0-95 

30.3 

+7-7 

299 

307 

3-99 

3-90 

2 

36 

0.96 

30.4 

—69.2 

129 

60 

1 .67 

3-54 

3 

42 

0.119 

29-5 

— 115.0 

166 

51 

I . 21 

3-96 


30 

O.I 4 S 

28.0 

-iS -4 

7 ater 

125 

no 

3-66 

4.20 

S 

S 4 

1.32 

27.8 

- 354-0 

452 

98 

1.82 

8-37 

6 

44 

5-04 

23.2 

— 123.0 

453 

330 

7-5 

10.3 

7 

44 

4.38 

21.6 

-154.0 

268 

114 

2-59 

6.1 

8 

45 

3.20 

19.6 

— 69.2 

222 

153 

3-40 

4-96 

9 

63 

0.716 

18.7 

— 162.0 

234 

72 

1. 14 

3-69 

10 

29 

0.342 

16.6 

0 

II 2 

II 2 


3-84 

II 

56 

0.17 

16.6 

—85.0 

159 

74 

1.32 

2.84 

12 

21 

0.16 

iS -5 

16.4^ 

+69.2 

54 

123 

6.22 

2.63 

1 

64 

0-133 

24.7 

+86.5 

191 

278 

4-34 

2.97 

2 

63 

0.151 

26.6 

+91-2 

190 

281 

4-47 

3-02 

3 

63 

0.103 

28.6 

W 

— 22.8 

ater 

151 

128 

2 .04 

2.40 

4' 

37 

0.433 

28.1 

— 177.0 

2x6 

39 

1.06 

5-85 

5 

34 

4-37 

24.2 

— 91 .2 

343 

252 

7-41 

[0.00 

6 

49 

3-83 

22.2 

■ —13-6 

115 

lOl 

2.02 

2.34 

7 

66 

1.80 

21 .9 

—50.2 

189 

139 

2. II 

2.86 

8 

44 

I-I 5 

20.8 

-86.5 

248 

I6I 

3-67 

5-72 

9 

92 

0.36 

18.9 

—13-6 

240 

226 

2.46 

2.40 

10 

84 

0.137 

18.6 

16.32 

—105.0 

136 

31 

-37 

1.62 


See legend to table i , 

Injlnctice of water diuresis on urea ‘production. In seven experiments on the same 
tliree dogs, 100 ml. water per kgm. of body weight were given by stomach tube 
(fig. I, A). The experiments were then continued essentially in the same fashion as 
tliose in whicli no water had been given. The rate of urea production was computed 
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as before. No account was taken of the clianging water content of the body as the 
result of the gavage or the loss of water due to the diuresis. 

The comparison of the rate of urea production in tliese same dogs (table 2) after 
water as contrasted with the control experiments shows that tire computed rates are 
much more variable. In every case (including tlie experiments omitted from the 
table) a high rate of urea production was found early in the diuresis at a time when the 
rate of urea elimination from washing out of urea was at its greatest. This was 
commonly followed by a period in which the urea production was depressed. 

In those experiments where the periods of observation were short, it was common 
to find periods of apparently high urea production alternating with periods in which 
the computation gave negative values. Since the acceptance of these negative values 
leads to the unlikely conclusion that urea is being intermittently destroyed, tlie rapid 
apparent variations were interpreted to indicate that during the rapidly changing 
events in these experiments equilibrium between tire urea content of the plasma and 
that of the tissues was unstead3\ The premise that a plasma sample is representative 
of the tissues with respect to tire urea concentration within its water is sound only 
when no rapid changes are taking place. 

After the diuresis was complete the blood urea concentration usually continued 
to diminish even though the rate of urea production was low. At this time the blood 
urea level and the low rate of urine flow combined to reduce the rate of urea elimin- 
ation as might be expected. Nevertheless, even the low rate of elimination was still 
apparently greater than the catabolic production of urea. In the one experiment in 
which the phenomena were followed for many hours after the completion of the 
diuresis (table 2, no. i) it seemed that the rate of urea production was returning 
toward what may be regarded as normal for that animal. 

Saline and glucose diuresis. A series of experiments was performed in which 
enormous diuresis was produced by the intravenous injection of hypertonic glucose 
and saline, dehydration being combated by water gavage. 

In these experiments also it was evident that changes in the rate of urea pro- 
duction occurred. Here, too, it was clear that changes in blood urea content and in 
urea elimination persisted after tire conclusion of the diuresis. 

CONCLUSION 

The rate of urea production in the fasting animal is relatively steady; such 
variations as occur, however, do not appear to be due to chance errors of measure- 
ment. In the animal under the influence of water diuresis, by contrast, the fluctua- 
tions are great and rapid. The disturbance continues long after the diuresis is 
complete. The first effect of tire water diuresis seems to be to increase the rate of 
urea production as well as its rate of elimination from the body. Later the rate of 
production is muclr depressed. 

DISCUSSION 

The changes in blood urea content and urine urea output after water adminis- 
tration cannot be wholly explained by a simple theory of diuresis, 'washing out’ the 
.urea from tire blood. Addis ( 6 ) suggested a similar conclusion on the basis of the 
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time lag between diuresis and maximum urea elimination in his experiments. These 
experiments also raise the question whetlier during the water diuresis and for a while 
after it, tlie rates of change are such that there is not equilibrium between the various 
tissues witlr respect to the urea concentration in their water. 

In spite of the difficuhde&^yhicEIEfiis method presents because of the uncertainty 
that there is always ilrea eq^iflibricuin. ^thi;qughoh^ the body water,- the method is 
capable of indica^’g quariltitatfvely clianges'uC^ea^ production occurring in an hour 
or less in resp^jt&e t^j^iuresis ai^therefofrejoi^SiUniibly in response to other stimuli. 
The timing of^^^perirtf^^iSas*utijusted/<^^y^ two purposes, the control of the 
magnitude of chaitcqdiS^ai variations^d^ie^^dy of a single short large diuresis. 
For the elucida^^&^he-exaet-meS^mis^^^* which the rate of urea production is 
controlled it woulOT3fed^r_able Ih^^d a^&lfess violent displacements and to examine 
their effects by shortert^l*pmToa^ 

It is possible that the variations we observed in the experiments without diuresis 
may have been connected with the change from restraint supine on a dog board to 
the moderate freedom of a metaboHsm cage. The changes in the diuretic experi- 
ments might be due to adrenocortical disturbance activated by the violent changes in 
water and mineral metaboHsm. These possibilities remain to be investigated. 

Upon the two concepts, the uniformity of distribution of urea and the constancy 
of its rate of production, depend the determinations of total body water by the method 
of Painter (7) and the computation of body water by dilution of urea according to the 
formula proposed by Ogden. Any body water figures depending on urea distribution 
must be interpreted with these two limitations in mind. 

SUMMARY 

Blood urea level and total urea elimination into the bladder were measured in 
unanesthetized dogs. Each experiment, lasting 6 to 29 hours, was subdivided into 
urine collection periods of appropriate duration. The dogs were subjected on 
different days to: i) fasting and deprivation of water; 2) fasting and a large gavage 
of water; and 3) fasting, water and intravenous injection of h3q)ertonic saline and 
glucose. 

From these data and the assumption that 70 per cent of the body consists of 
water, the rate of urea production (as distinct from urea elimination) was calculated. 
This was found to be slightly variable in the animals without water and showed a 
marked rise occurring with the diuresis in the animals given water. This rise in urea 
production was distinct from the washing out of urea which tended to occur with 
diuresis. 
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HYPERGLYCEMIC EFF^ 

BERNARD ZIMMERMANN and THOMAS J. DONOVAN® 

From the Naval Medical Research ImiiMe 
BETHESDA, MARYLAND 

T he existence of substances of pancreatic origin which are capable of pro- 
ducing hyperglycemia has been recognized for many years. In 1923, 
Murlin, Clough, Gibbs and Stokes (i) found that a hj^erglycemic material 
could be obtained from pancreas, and in the same year Fisher (2) demonstrated a 
blood sugar-elevating factor in insulin ''preparations produced by the Soraog)d 
method. In 1927 Martino (3) described the preparation from pancreas of a hyper- 
glycemic principle which he later (4) showed to be identical with the substance which 
Burger obtained from commercial insulins. About the same time, Funk (5) re- 
ported the dissolution of insulin into hyperglycemic and hypoglycemic fractions, 
although his method was not described. Between 1928 and 1937 Biirger and his 
co-workers published extensive observations on the hyperglycemic activity of insulin 
preparations (6-8). It is recognized that, following the intravenous administration 
0 msuhn, a hyperglycemic phase of variable duration precedes the fall in blood sugar. 

Burger, having shown that this phenomenon was less evident in crystalline than in amorohoiu; 
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There exists, of course, no direct proof that the hyperglycemic substances which have been thus 
far obtained are endocrine products normally produced by the pancreas. There are however certain 
physiological data which strongly suggest that the pancreas may elaborate a metabolic hormone 
distinct from insulin and that part of its function may include insulin antagonism. Young (10), 
for example, found that dogs with permanent diabetes following a course of anterior pituitary in- 
jections exhibited very high insulin requirements although they could survive for remarkably long 
periods when insulin was not given. Similarly Thorogood and Zimmermann (ii) found that alloxan 
diabetic dogs required extremely large dosages of insulin for prevention of glycosuria whereas after 
the same animals were subjected to pancreatectomy their insulin requirements were markedly re- 
duced. As with Young’s dogs, however, the alloxan animals could survive for long periods without 
insulin and did not develop ketosis. Following pancreatectomy they developed ketosis and coma 
when insulin was withheld. Since, in both of these preparations, the beta cells are found to be 
largely destroyed with little or no damage to the alpha cells, the latter have been suggested as the 
source of a principle which antagonizes insulin’s action and at the same time coimteracts ketogenesis. 
Some such mechanism could also explain the large insulin dosage required by many diabetics and the 
relatively low insulin requirements which have been described in totally pancreatectomized human 
beings (12). 

It seems important, therefore, to explore various types of pancreatic extracts 
with regard to hyperglycemic activity, effect on ketone body formation, and insulin 
antagonism. Our attention was directed primarily to the h3T3Crglycemic factor of 
commercial insulin. 

MATERIALS AND METHODS 

For amorphous insulin, U 40 ‘regular’ commercial insulin was used.^ The 
crystalline preparation was dry zinc-insulin crystals without preservative.® Inactiva- 
tion was carried out by reduction of the disulfide linkages with cysteine, a reaction 
which was described by Du Vigneaud (13) and has been studied in detail by Winter- 
steiner (14). Two mgm. of cysteine were used for each milligram of insulin in 0.2 
per cent solution. The reaction was carried out at pH 8.5 in an atmosphere of nitro- 
gen at room temperature for 24 hours. The protein was then precipitated by 
saturation with ammonium sulfate, redissolved at pH 8.0 and dialyzed against water. 
Following this it was either lyophylized or dissolved by dialysis in isotonic saline at 
pH 2.5 in which it was administered. 

Dogs were used which had been trained to tolerate repeated venepunctures 
without excitement. Three to five ‘base line’ samples were drawn before the ma- 
terial was injected and, in so far possible, the same needle was left in place, its 
patency being maintained by the injection of very small voliunes of saline. 

Blood glucose determinations were carried out by the micro method of Folin (15) 
and blood acetone body levels were measured by a modification of the Behre method 
which we have described (16). This method measures the total of acetone and 
acetoacetate in terms of acetone. 

Assays of insulin potency and of the residual activity of inactivated preparations 
were carried out by the mouse-convulsion method (17). 

RESULTS 

Hyperglycemic activity of crystalline insulin and inactivated amorphous and 
crystalline preparations in normal dogs. Although previous work had indicated that 

ILETIN, manufactured by Eli Lilly and Company. 

^ Lot No. 9S7267 prepared by Eli Lilly and Company. 
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crystaUine insuHn possessed no hyperglycemic activity (18), Olsen and Klein reported 
initial hyperglycemia with zinc-insulin crystals (19). In view of this, it seemed im- 
portant to test the material which was available with reference to this activity. 
Table i shows the maximum hyperglycemia and its duration following intravenous 
administration of o.i to 2.0 units per kilo body weight. Initial hyperglycemia is 
apparently always present, but varies in degree and is of very short duration. 
There appears to be very little relationship between dosage and degree of hyper- 


glycemia in this dosage range. 

In 18 samples of amorphous and crystalline insulin inactivated by the method 
described, residual hypoglycemic activity as determined by mouse tests was only o.i 
per cent to i.o per cent of original. Table 2 shows the results of intravenous injec- 


TABIJ: I. EfPECXS of CRVSTALI,INE INSUI-IN (lot no. 987267) ON BLOOD SUGAR IN NORMAL DOGS 


DOSE 

DXTRATION 0 ? HVPER- 
GLYCEIOA 

MAXIitUM HYPERGLY- 
CEtfTA 

UAJamJU ELEVATION 

UIKIUUK DtOOD 
SUGAR 

mgtn. ter kilo 

min. 

%'ef initial 

mgm, % 

% of initial 

O.I 

2 

no 

s-s 

44-5 

0,2 

4 

IIS 

II-S 

44.0 

o-S 

5 

no 

6.2 

42.0 

0.7 

7 

108 

s.s 

40-5 

I.O 

7 

113 

9-7 

47 -S 

1,2 

6 

121 

12. 5 

34-0 

1.4 

IX 

129 

21.7 

44. S 

1.6 

8 

1 14 

18.0 

39-0 

1.8 

7 

no 

6.2 

31.0 

2,0 

4 

134 

23-S 

31.0 


Table 2. Comparison of effects of fnactivated amorphous and crystalline insulin on 

BLOOD sugar of NORMAL DOGS 


MATERIAL 



NO. or 
EXFES. 

KAX 1 HU 2 I HYTER- 
GLYCEHIA 

DURATION HYPER- 
GLYCEUIA 

1 

lONIUUU DLOOP 

1 SUGAR 

Mean | 

(T 

j Mean | 

1 

Mean 

C 


■■ 

% 0/ iniiial 1 

minutes 

% of initial 

Amorphous inactivated 


144 

10.4 

24.2 

II. I 

92.6 

7.92 

Crystalline inactivated 

B 

137 

16. 1 

21.4 

7.09 

89.3 1 

S.16 


tion of cysteine inactivated preparations. Figures i and 2 show sample curves from 
these groups. Although the mean maximum elevation in the amorphous is 44 per cent 
and, in the crystalline group 137 per cent, this difference according to Student’s ‘T’ 
test, is not significant. 

Blood sugar and ketosis in pancreatecioinized dogs. Insulin administration was 
slopped 24 hours before an experiment, and no food was given for 12 to 18 hours. 
The results of experiments in which o.x milligram per kilo of inactivated amorphous 
insulin was given intravenously are summarized in table 3 and illustrated in figure 3. 
The hyperglycemia is not marked in pancreatectomized animals. The ketone levels 
tend to be elevated, however, during the hyperglycemic phase and follow the blood 
sugar closety. 
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Similar results were obtained with intact amorphous insulin given to diabetic 
dogs (table 3, fig. 4). The fall in both sugar and ketones was naturally accentuated 
but the time relationships were about the same. 

Effect of inactivated insulin on insulin-induced convidsions in mice. In these ex- 
periments, varying amounts of inactivated insulin were injected subcutaneously into 
mice simultaneously with insulin. The mice were kept in cans in a constant tem- 
perature bath at 37°C. The results are illustrated in figure 5. The control (dotted) 
fine represents the relationship between dosage of insulin and percentage convulsions. 
The other curves representing this relationship in the ‘treated’ groups do not deviate 
significantly from the control. Each point on the control curve represents 36 mice. 



Fig. I. Theee sample curves showing course of blood sugar in normal dogs following intravenous 
injection of o.i mgm/kilo of cysteine-inactivated amorphous insulin. 

Fig. 2. Three sample curves showing course of blood sugar in normal dogs following intravenous 
injection of o.i mgm/kilo of cysteine-inactivated crystalline insulin. 

Each experimental point represents 24 to 28 mice. It appears then that the inactive 
material has no protective effect against insulin-induced convulsions. 

DISCUSSION 

From the similarity in results obtained by the inactivation of crystalline and 
amorphous insulin, it is apparent that the hyperglycemic activity of insulin is not, as 
was supposed by Burger and others, the result of a contaminant peculiar to amorphous 
preparations. From these data alone, the question might arise as to whether the 
h3q)erglycemic effect is actually the action of a separate substance or whether it 
represents one of the normal functions of the insulin molecule itself. Evidence in 
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Table 3 . Values bob blood sugar and acetone bodies bollowing inxeavenous 

ADinNISTBAHON OF INACTIVATED AND INTACT AMORPHOUS INSULIN 
IN PANCEEATECT0MI2ED DOGS 


INACT. AMORPHOUS 
INSULIN, 0.1 MG./KILO 
EXP. NO. 

INITIAL LEVEL 

MAXIMUM 

LOWESt LEVEL* 

Sugar 

Acetone 

bodies 

Sugar 

Acetone 

bodies 

Sugar 

Acetone 

bodies 



mint , per 100 cc . 


% oj initial value 


I 


250 

2.08 

III 

129 

88 

66 

2 


28 s 

2.81 

104 

106 

69 

S8 

3 


314 

8.7s 

107 

124 

98 

60 

4 


282 

1.73 

los 

II4 

91 

46 

s 


237 

1.76 

105 

117 

91 

80 

6 


270 

3.60 

108 

II 6 

92 

82 

7 


267 

0.585 

108 

134 

■91 

73 

8 


231 

2.86 

107 

146 

99 

57 

INTACT AMORPHOUS 
INSULIN 










i 





I 

I 

320 

2.75 

109 

IIS 

72 

22 

2 

3 

220 

2.89 

105 

109 

74 

43 

3 

4 

223 

0.819 

106 

195 

48 

34 


1 In 60 to 70 minutes. 



sugar; broken line: acetone bodies. 

(21) demonstrated both glycogenolysis and glycogen formation in liver slices in the 
presence of ordinary insulin preparations. Cysteine-inactivated insulin caused only 
glycogenolysis. Both of these groups, furthermore, found the ‘Novo’ insulin to 
have no glycogenolytic activity. In line with the principles e.xpressed by Mirskj’’ (22) 




















May 1948 


HYPERGLYCEMIC EFFECT OF INSULIN 


203 


and others concerning the importance of liver glycogen depletion in the pathogenesis 
of ketosis, one would expect these changes in blood glucose in our experiments to be 
reflected in the blood ketone levels. The rapidity with which the response occurs 
however is quite surprising. 

It seemed important to decide whether the hyperglycemic principle was operat- 
ing as an insulin antagonist, either by neutralizing insulin or by blocking its en- 
trance into some biochemical system. It is likely, however, that if this were the 
case, there should be some dose in which it would protect against the convulsive 
effect of insulin. This we have been unable to demonstrate. The absence of such 
an effect would seem to preclude the possibility that this substance is a factor respon- 
sible for insuhn resistance or for the high insulin requirements which characterize 
some of the experimental situations described above. It is consistent on the other 
hand with the theory that the h}q)erglycemic factor acts only on the hepatic glycogen 



Fig. s. Graph showing keiationship between insulin dosage and percentage convulsions in mice 
(control) and same relationship in groups in which varying amounts of inactivated insulin were given 
in addition. 


reserves. Since these are always mobilized to the maximum possible extent in the 
face of impending hypoglycemic convulsions, a substance which acts merely to release 
hver glycogen would not be expected to exhibit a protective effect. 

If the pancreas does produce a hyperglycemic hormone there arises the question 
of how the deficiency of this substance alone would manifest itself. A possible 
answer to this question ivas given by Dr. S. H. Armstrong of Boston (23) who sug- 
gested that the clinical entity representing such deficiency might be von Gierke’s 
disease. The existence of hypoglycemia and inability to release glycogen would 
conform to this hypothesis. 


SUMMARY 

I. Numerous investigators have described hyperglycemic substances derived 
irom pancreas. Commercial insuhn possesses a hyperglycemic property which is not 
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destroyed when its hypoglycemic activity is inactivated by various methods. The 
existence of a h3rperglycemic principle of pancreatic origin is of interest because 
evidence obtained from aUoxan-diabetic dogs and other preparations suggest that 
the pancreas may produce a hormone which opposes insulin. The experiments dis- 
cussed in this report deal with the h3rperglycemic activity of insulin. 

2. Experiments were performed to determine the effect of the hyperglycemic 
material which remains after cysteine inactivation of amorphous and crystalline 
insulin preparations. Both of these preparations gave very similar results with 
respect to magnitude and duration of hyperglycemia in normal dogs. 

3. In pancreatectomized dogs not treated with insulin the hyperglycemic re- 
sponse was small and the blood acetone body levels rose simultaneously with the 
blood sugar following the intravenous administration of both intact and inactivated 
insulin. 

4. Inactivated insulin in various doses does not protect mice against insulin- 
induced convulsions. 

5. The data support the conclusion that the hyperglycemic principle of insulin 
influences the blood sugar and blood ketone levels only through its action on the 
hepatic glycogen reserves. It does not appear to neutralize the hypoglycemic action 
of insuhn. Whether or not this principle has a normal function as an internal secre- 
tion of the pancreas is still problematical. 

The authors are appreciative of the technical assistance given by J. W. Thomas, Chief Pharma- 
cist’s Mate, USN. They are indebted to Eli Lilly and Company for the dry zinc-insulin crj'stals 
which were used. 
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RENAL GLUCOGENESIS IN THE EVISCERATED DOG' 

ROGER M. REINECKE and PAUL J. HAUSER 
From the Deparhnenl of Physiology, University of Minnesota 

MINNEAPOUS, MINNESOTA 

T he kidney has been found to be a source of blood sugar (i). Since this 
phenomenon has been demonstrated only in the rat, it has seemed desirable 
to examine other species for its presence. To this end we have studied the 
concentrations of sugar in arterial and renal vein blood from the eviscerated dog. 

PROCEDURES 

The dogs were eviscerated by a modification of the glass cannula method (2). 
The intramesenteric organs were removed through a midventral incision after divid- 
ing the mesenteric root and lesser omentum and severing the following structures 
between clamps: colon opposite the sacral promentary, inferior mesenteric artery, 
superior mesenteric artery, structures entering the porta hepatis, and stomach just 
below the cardia. The stumps of these structures were ligated and the clamps re- 
moved. The attachments of the liver were then divided so that it remained con- 
nected to the animal only at the places where the vena cava entered and left it. A 5 
cm, length of the vena cava midway between the junction of the left renal vein and 
the confluence of the common iliac veins was next dissected free. It was usually 
necessary to ligate and sever one of the lumbar veins in doing this. Loose ligatures 
were placed at either end of this freed segment. When an assistant lifted the vessel 
by means of these, they served to prevent blood from entering the intervening sec- 
tion. This was then opened by a V incision. A glass cannula was inserted toward 
the heart. Briefly relaxing the tension on the proximal lifting ligature allowed the 
caimula to sKp past. The distal end of this cannula was then tied in place by a 
ligature around the vena cava at its entrance into the liver. The hole in the vena 
cava was closed by a second cannula that was tied in place by the lifting ligatures. 
The vena cava was next tied snugly to the proximal end of the first cannula by a 
heavy ligature at the place where it emerges from the liver. The liver and the 
transversing segment of vena cava were now dissected away to leave the stumps of 
the vena cava connected by the cannula. The cannula used to replace the segment 
of vena cava transversing the liver should be about 7 cm. long and i cm. in diameter 
for a 15-kgm. dog. The caimula used to close the opening in the vena cava may be 
somewhat shorter. The ends of the cannulas should be beveled and fire-polished. 
There should be an encircling ridge at either end to prevent the ligatures from slipping 
off. The cannulas in these experiments were made of Pyrex glass and coated with 
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Dri-Film (3), There was no difficulty with clot formation. The animals were 
anesthetized with sodium pentobarbital given intraperitoneally. 

Arterial and left renal vein blood samples were drawn simultaneously and treated 
with 2 mgm/ml. of potassium oxalate. Copper tungstate filtrates were prepared 
(4). Portions of some of these were incubated for 45 min. at 3o°C. with 0.2 gram/ml. 
of baker’s yeast that had just been washed ten times with distilled water (5). Both 
the fermented and unfermented filtrates were analyzed in duplicate or triplicate for 
Sugar by a copper reduction method (6). The values obtained for the unfermented 
filtrates are designated total sugar. The differences between these values and those 
obtained on the fermented filtrates are designated fermentable sugar andprobably 
approximate fairly closely the blood glucose concentration. Copper tungstate 
filtrates of glucose solutions and of blood with added glucose were fermented as a 
check to show that these filtrates are fermented adequately by the yeast used. The 
quality of the yeast was checked for each group of analyses by running parallel fer- 
mentations on standard glucose solutions and distilled water. 

The animals were mongrel dogs of either sex and imdetermined previous history. 
They were operated m the postabsorptive state, usually after fasting from the pre- 
vious day. Several animals that had been allowed to fast longer withstood the 
evisceration so poorly that samples were not obtained. 

RESULTS AND DISCUSSION 

The results are shown in table i . Consideration of the values shown in the colunm 
headed ‘Excess in Renal Vein, mgm/ 100 ml.’ shows that more sugar, either total or 
fermentable, was usually found in the renal vein after evisceration. To determine 
whether or not this result might be a reflection of the random distribution of experi- 
mental error these values were analyzed statistically by the method for testing the 
significance of the mean of a unique sample (7, 8). The mean for the post-eviscera- 
tion total sugar values is 3.07 mgm/ioo ml. with a standard deviation of 0.587 
mgm/ 100 ml. giving a value for t of 5.23 and for P of less than o.ooi. This indicates 
that the random distribution of error cannot explain the observed excesses of total 
sugar and that therefore these probably represent real excesses present in the renal 
vein blood. The corresponding values for the fermentable sugar were mean, 
5-43 mgm/ioo ml.; standard deviation, 0.921 mgm/ioo ml.; t, 5.89; andP less 
than O.OOI. The postevisceration samples to be analyzed for fermentable sugar 
were in part selected at random, in that in some instances not enough filtrate 
was available for the procedure, and in part systematically, in that some samples 
were not analyzed if the analysis for total sugar showed that the excess of sugar in 
the renal vein was so small that it was likely to be masked by the analytical error 
inherent in the determination of fermentable sugar. The statistical result then 
indicates only that the observed values are not explicable on the basis of the random 
error peculiar to the determination of fermentable sugar. It follows then that in 
the filtrates from this selected group of pairs of samples there was more fermentable 
sugar in those from the renal vein than in those from the arterial blood. Since tlie 
greater part of the experimental error probably pertains to the analysis for sugar, this 
supports the conclusion that at times there is an actual excess of fermentable sugar 
in the renal vein as compared with the aorta. 
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TARLE 1 


AmaXAI. NO. AND WT. 

ION. AJTES 
EVISCERATION 

ARTERIAI. BLOOD 
SOGAB 

RENAL VEIN BLOOD 
SDOAR 

EXCESS IN RENAL ' 
VEIN 

EXCESS IN RENAL 
VEIN, % OT 
ARTERIAL 

I 

10.8 kgm. 

— 10 

120 

X25 

240 died 

mgm. % 
69.5(66) 

22 (16.5) 

26 (19) 

mint. % 
69.5(66) 

25 (20.5) 

32 (20.5) 

mtm. % 

' 0 (0) 

3 (4) 

6 (i.s) 

0 (0) 

13.6(24.2) 

23-1 (7-9) 

2 

8.4 kgm. 

120 

190 died 

30 (19) 

33 (19-5) 

3 (o-s) 

10 (2.6) 

3 

II. I kgm. 

-IS 

140 1 

170 died 

99-5(92.3) 

18 (s) 


-II.S(-I 3 .S) 
7-5 (8) 

— ii.6(~i4.6) 
41.7 (160) 

4 

16.6 kgm.cf 

-IS 

120 

igS died 


79 (66.5) 

S 6 (43-5) 

BIBIB 

-S. 9 (-ii. 3 ) 

12 (17.6) 

14.6 kgm. o' 

— 10 

ISO 

32s died 

79 ( 7 S) 

41-5 

77-5(75) 

47-5 

-1 . 5 (0) 

6 

-1.9 (0) 

14.4 

20 kgm. o' 

1 

80 

120 1 

180 1 

210 1 
240 died 

1 

82.5 

dS 

45-5(42) 

43 -S 

32 

81 

60 

SO (43 -S) 

52 

39 

-i-S 

-5 

4-5 (1.5) 

8.5 

7 

-1.8 

-7.7 

9-9 (3-6) 

I 9 -S 

21.9 

^1, 3 

10 kgm, 9 

122 

162 

202 

217 died 

67 (63.5) 

61 

28.5 

69 (65.5) 

63 

20 

2 (2) 

2 

- 8-5 

3-0 (3.1) 

3-3 
—29.8 

8 '. 3 

17.4 kgm. 

-13 

64 

loS 

135 

Ids 

180 died 

82 

S8 (52) 

SI (45) 

43 

31 (19) 

78 

70 (65.5) 

55 (48) 

48.5 

41-5(30-5) 

-4 

12 (13-S) 

5 (3) 

5 o 

lO-S (ii-s) 

-4.9 

20.7 (25.9) 

9-8 (6.7) 

12.8 

33-9 (60.5) 

9' 

20 kgm. 

8 S 

120 

135 died 


49-5(45) 

■37-5(30.5) 

7-5 (ii) 

8 ( 7 -S) 

17.8 (32.4) 

27.1 (32.6) 

ro'- ' 

20.2 kgm. o’ 

90 

120 

150 

190 

220 

300 died 

82 (80) 

74 (72.5) 

68 (62.5) 

SO 

42 

83-5(81) 

76-5(75-5) 

69 (63.5) 
52.5 

44-5 

i-S (i) 

2.5 (3) 

I (i) 

2.5 

2.5 

1.8 (1.2) 

3.4 (4-1) 

1-5 (1.6) 

5 

6.0 
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TABLE 1 — Continued 


anucai. no. and wx. 

1 HN. AFTER 
EVISCERATION 

ARTERIAL BLOOD 
SUGAR 

RENAL VEIN BLOOD 
SUGAR 

1 EXCESS IN RENAL 
VEIN 

EXCESS IN RENAL 
VEIN, % OF 
ARTERIAL 





mem. % 

mgm. % 

mgm. % 



ii». 

S 

90 


50. s 

50 

-.5 


— I.O 




120 


3 S-S 

37-5 

2 


5-6 




180 


2 S-S 

25-S 

0 


.0 


17 

.2 kgm.cf 

220 


17-5 

20. s 

3 


17. 1 




223 


16. s 

I 7 -S 

I 


6,1 




260 


II (8) 

16 (14-S) 

5 

(6.5) 

45-5 

(81.3) 



' 270 

died 







I2t> 

6 

60 


100 

lOI 

I 


I 




73 


86 

89 

3 


3-5 




78 

.5 mgm. 

epinephrine hydrochloride I.V. 







83 


80 

82.5 

2-5 


3.1 




93 


75-5 

78.5 

4 


5-3 


14 

.1 kgm.cf 

98 


66-5(59) 

74.5(68.5) 

8 

(9.5) 

12,0 

(16. i) 



140 


58 

60 

2 


3-4 




170 


44 

52.5 1 

8.5 


19-3 




200 


27.5(21) 

i 35.5(27.5) 

1 8 

(6.S)I 

29,1 

(30.9) 



21S 

.5 mgm. 

epinephrine hydrochloride I.V. 







260 

died 

1 

1 





I3I. 

6 

94 


69.5 

70 

0.5 


0.7 




106 


6.4 

65 

I 


r.6 


24 

kgm.cf 

118 

123 

I mgm. 

epinephrine hydi 

! 72 

rochloride I.V. 

61 

— 11 


- 15.3 




133 


51-5 

53-5 

2 


3-9 

(27.8) 



ISO 


45 (36) 

52 (46) 

7 

(10) 

iS-S 

I 4 I. 


8S 


71 

72. s 

1.5 


2.1 




105 


66.5 

66 

-.5 


-.8 




120 


60. S 

60 

-.5 


-.8 




135 


57 

58 

I 


1-7 


20 

• 3 kgm. 

150 


56 

57 

I 


1.8 




i6S 


50-5 

SI. 5 

I 


2.0 

-3-4) 



180 


47 ( 43 -S) 

49 (42) 

2 

(-1-5) 

4-3 ( 



19 s 


38 ( 33 -s) 

46 (41) 

8 

(7.5) 

21,0 

(22.4) 



200 

died 








Values shown in parentheses are fermentable sugar. The others are total sugar. 

' A cannula connected to a manometer was tied into the ipsilateral (left) ureter. The system was 
filled with normal saline till the level in the open arm stood at 30 to 40 cm. above the kidney. 

- Blood samples taken through small bore polyvinyl chloridje catheters placed in an artery and the 
renal vein at the time of evisceration. 

® Blood samples from renal vein taken through a catheter or needle left in place after evisceration. 

Blood samples from renal vein and aorta taken through needles placed at end of evisceration 
procedure. 

' The first two pairs of samples taken as described in footnote 3. Last three samples taken after 
first painting the site of puncture on the renal vein with o.i % nupercain in saline. 

' Left kidney was dissected free from the rest of the organism except for renal artery and vein. 
These were repeatedly painted with 0.1% nupercain in saline. 
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Nonglucogenic processes sucli as the excretion of urine and variations in renal 
volume and sugar content may account for some increase in the sugar concentration 
observed in the renal vein (i). In some of these studies the excretion of urine was 
prevented by back pressure in the ureter. Because of the richness of renal bloodflow 
the variations in volume and sugar content can only account for brief increases in 
renal vein sugar concentration. An attempt was made to rule out these short-term 
variations by repeated sampling and avoiding stunulation associated with the sam- 
pling process that would be likely to mitiate them. None of these procedures seemed 
to eliminate the excesses of sugar found in the renal vein. This seems to support 
the conclusion that these nonglucogenic processes do not account for the observed 
excesses. Further information on this point can be obtained by considering the 
values shown in table i in the column headed ‘Excess in Renal Vein, % of Arterial’. 
Consideration of the possible nonglucogenic processes that might elevate the renal 
vein sugar shows that the increases they would effect would be proportional to the 
arterial blood sugar level (i). By converting the observed increases into percentages 
of the corresponding arterial values it is possible to make some estimate as to 
whether or not the nonglucogenic processes would be likely to effect increases of 
comparable magnitude. Statistical treatment of the postevisceration values shows 
a mean of 8.86 per cent for the total sugars with a standard deviation of 1.685 
cent, giving a value of / of 5 . 2 5 and a value of P of less than 0.001 . The nonglucogenic 
processes would have to account for an increase of over 5.36 per cent to vitiate the 
conventional significance attached to these values. For the reasons discussed apro- 
pos the rat (i) it seems unlikely that the nonglucogenic processes cause an increase 
of this magnitude and that therefore these values support the interpretation that the 
kidney added substances to the blood measurable as total sugar after evisceration. 

SUMMARY 

The concentration of sugar was found to be greater in renal vem than in arterial 
blood in the eviscerated dog. 
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EFFECT OF CASTRATION AND ANDROGENS ON BODY AND 
ORGAN WEIGHTS, AND THE ARGINASE AND PHOSPHA- 
TASES OF KIDNEY AND LIVER OF THE MALE SYRIAN 
HAMSTER! 

CHARLES D. KOCHAKIAN, MARY N. BARTLETT and JOSfi GONGORA 

From the Department of Physiology and Vital Economics, School of Medicine and Dentistry, 

University of Rochester 

ROCHESTER, NEW YORK 

I N PREVIOUS reports the effect of castration and various androgens on the 
weights, and the arginase and 'alkaline’ and 'acid’ phosphatase activities of the 
kidney and the liver of the mouse and the rat have been reported (cf. i, 2 for 
review). These studies now have been extended to the hamster. 

PROCEDURE 

Male Syrian hamsters were castrated at 45 to 75 grams body weight; one month 
later the various treatments were begun. In one series of experiments treatment 
was begun at time of castration.^ The animals were kept in groups of 4 to 7 in 
rabbit cages containing wood shavings. Three different diets were used: a) Rock- 
land Rat diet, b) Rockland guinea pig diet with vitamin C and c) a prepared diet^ 
composed of cornstarch 25, whole wheat flour 20, confectionery sugar 20, whole milk 
powder 30 and powdered alfalfa. The diets did not affect the results. The animals 
were weighed two to three times per week throughout the experimental period. 

The androgens were administered either by daily subcutaneous injection or by 
the subcutaneous implantation of pellets of the pure steroids.® 

The hamsters were placed in clean cages without food 24 hours before autopsy. 
They were anesthetized by an intraperitoneal injection of o.io to 0.15 ml. of dial- 
urethane and then bled by cutting the blood vessels in the neck. The organs were 
removed and weighed on a Roller-Smith torsion balance. The kidneys and ap- 
proximately one gram of the liver were placed in individual heavy walled pyrex tubes 
containing 5 ml. cold redistilled water and homogenized for the enzyme determina- 
tions (3-6). 


RESULTS 

Body weight. Neither castration nor the daily injection of i mgm. of testos- 
terone propionate for 20 or 60 days produced any noteworthy changes in the body 

Received for publication April 28, 1948. 

' This investigation was supported by grants from Ciba Pharmaceutical Products, Inc. Part of 
these data has been reported in the Josiah Macy Jr. Foundation Conference on Metabolic Aspects of 
Convalescence. Thirteenth meeting, lune lo-ii, 1946. 

- The animals of this experiment were from an experiment by Dr. Paul Keyes of the Dental Re- 
search group for studies on dental caries. 

^ The steroids and dial urethane were generously provided by Ciba Pharmaceutical Products, Inc. 
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weight of the hamsters (table i). However, when 3 pellets of 14-15 mgm. each of 
testosterone or 17-methyltestosterone were implanted in each animal for 20 days 

Table i. Effect of castration and injection of testerone propionate (t.p.) on body and 


ORGAN WEIGHTS OF MALE HAMSTERS 


NO. 

ANDROGEN 

BODY WEIGHT 

SEU. VES. -b 

KIDNEYS 

BIVEE 

INJECTED 

End 

Change 





1 . 20-day experiment 




mgm.lday 

gttt * 

gm . 



IliH 

Castrate 

or 

— 

97 

+s 


(709) 


Normal. 

6 

— 

92 

+11 


0 

KSl 

Castrate -f T.P 

10® 

I 

96 

+s 


! +14 

■9 

II. 60-day experiment 

Castrate 

3 



114 

+17 

(S6) 

(724) 

(2670) 

Normal 

6 

— 

113 

+16 

-+-1400 

-5 

+5 

Castrate -f T.P 

5 

I 

loS 

+13 

+3460 

+13 

—2 


1 % Change from the average values of the controls which are given in parentheses as milligrams. 

2 Four of the castrate and $ of the T.P.-treated hamsters were maintained on the Rockland guinea 

pig diet with vitamin C. The other hamsters w'ere maintained on the Rockland rat diet. No sig- 
nificant differences were noted . ’ 


Table 2. Effect of castration and pellets of androgens on body and organ weights of 

MALE hamsters 


NO, 

ANDROGEN 

BODY WEIGHT 

SEU. VES. -b 

EIDNKYS 


End 

Change 




m. 20-day experiment^ 




mgm.lday 

gm. 

gm. 

%■ 


%> 

Castrate 

7 

— 

100 

10 

(116) 

(743) 

(2608 1 

Castrate -b testos- 








terone® 

6 

0.72 

92 

2 

+978 

+i 

0 

Castrate -b 17-methyl- 

! 







testosterone* 

6 

0.50 

74 

— 16 

+765 

“5 

— 16 


Castrate 

Normal 

Castrate -f T.P.® 


IV. 140-day experiment 


S 

— 

140 

81 

(46) 

(612) 


5 

— 

1 19 

68 

+2820 

+i 

— 

5 

o.is 

104 

S6 

+4250 

-6 

— 


% Change from the average values of the controls which are given in parentheses as milligrams. 
® These hamsters were maintaned on the Rockland Rat diet. 

® These animals were maintained on the prepared diet. 

* Each animal was implanted subcutaneously with 3 pellets of 14-15 mgm. each. 

The pellet, 24-26 mgm., was implanted at time of castration, 48^= grams body weight. 


there was a definite retardation in the body weight gain which was more marked with 
17-methyltestosteroTie (table s). Furthermore, extension of the duration of the 
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Table 3. Efeect or castration and injection of testosterone propionate '(t.p.) on kidney 

AND liver enzymes OF MALE HAMSTERS^ 



NO. 

KIDNEY 

XIVEK 

Arginase 

Phosphatases 

Arginase 

Phosphatases 

Alkaline 

Add 

Alkaline 

Acid 

I. 20-day experiment 



%’ 1 



%* 

%- 


Castrate 

9 

(59) 

(31) 

(13-3) 

(9.830) 

(2.7) 

(IS) 

Normal 

6 

-17 

— 12 

— 4 

+ 20 

“lO 

-6 

Castrate + T.P 

10 

— 20 

+32 

+ 2 

+3 

-18 

-s 

II. 60-day experiment 

Castrate 

3 

(S 9 ) 

(19) 

(II. i) 

(11,030) 

(2.2) 

(14) 

Normal 

6 

-34 

+42 

— 2 

-s 

-18 

— 12 

Castrate + T.P 

S 

-37 

I +68 

—4 

-29 

-14 

-8 


See footnotes of table i for details of experiments. 

* % Change from the average values of the controls which are given in parentheses as units/gram 
of tissue. 


Table 4. Effect of castration and pellets of androgens on kidney and liver enzymes of 

MALE hamsters' 




KIDNEY 

LIVES 


NO. 

Arginase 

Phosphatases 

1 Arginase 

Phosphatases 



Alkaline | Add 

Alkah’ne Acid 


I. 20-day experiment 


1 



%* 

%* 


%* 

%* 

Castrate 

7 

(56) 

(24) 

(13.8) 

(14,700) 

(2.6) 

(is) 

Castrate + testos- 








terone 

6 

-14 

+62 

+7 

-9 

+19 

— I. 

Castrate + methyltes- 








tosterone 

6 

— II 

+68 

+6 

+i 

0 

+4 


IV. 140-day experiment 


Castrate 

5 

S 

S 

(SI) 

-18 

(33) 

+28 

(8.6) 

(7,310) 

(3.6) 

(13) 

Normal 

— II 

+S 

-25 

-8 

Castrate + T.P 

-33 

+41 

+9 

+7 

-44 

+5 . 





' See footnotes of table 2 for details of experiments. 

- % Change from the average values of the controls which are given in paren theses as units/ gram of 
tissue. 


experiments to 140 days resulted in an extensive and grossly obvious deposit of fat in 
the castrated hamsters which was prevented in the animals implanted with a 24-26 
mgm. pellet of testosterone propionate.^ 


These data wll be reported in detail elsewhere by Dr. Paul Keyes. 
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Seminal vesicles and prostales. In every experiment (tables' i. and 2) these 
organs "were stimulated by androgen treatment to a size greater than that .present in 

the normal animals of comparable age. ^ ■ 

Kidneys. Castration produced no significant change in kidney weight. Further- 
more, the administration of the androgens produced insignificant changes which 
varied from — 6 to +14 per cent ftables r and 2). 

Livers. No remarkable changes in weight were observed as a result of castration 
or androgen treatment (table i and 2). 

Kidney enzymes. In every experiment (tables 3 and 4) there was a small in- 
crease in arginase as a result of castration. The various androgen treatments re- 
stored this increase to that of the normal level. The 'alkaline’ phosphatase was 
decreased after castration (tables 3 and 4) except in the first series of experiments 
(table 3). The androgens increased the enz5nne to that of the normaP value. The 
‘acid’ phosphatase was not significantly altered by either castration or any of the 
various treatments (tables 3 and 4). 

[ Liver enzymes. None of the enzymes were significantly altered by castration or 
the*various androgen treatments (tables 3 and 4). 

DISCUSSION 

In the hamster, the only internal organs that are affected by castration or 
androgens seem to be the accessory sex organs. The liver and kidney are not 
changed in size under the various treatments. The lack of effect on the liver is in 
general agreement with that observed in the other species (1, 2) but in some instances 
the liver of the rat (7, 8) and mouse (unpublished) is increased to a small degree by 
androgen treatment. 

The lack of effect of either castration or androgen treatment on the kidney of the 
hamster is in marked disagreement to that observed in the mouse (i ; cf. i, 2) and to a 
lesser extent in the rat (cf. i, 2) but is in agreement with that observed in the guinea 
pig (unpubhshed). 

The lack of effect of either castration or androgen treatment on the liver enzymes 
is the same as observed in the other species (cf. i, 2). Thus, it seems that in the 
hamster as in the other species, liver arginase and also the phosphatases either are not 
involved in the mechanism of the protein anabolic effects of the androgens or else 
the degree of change in the metabolic processes is not sufficient to necessitate a 
change in the activities of these enzymes. 

The decrease in kidney arginase after castration and restoration to normal with 
androgen treatment is similar to the observations in the mouse except that in the 
mouse the decrease occurred only as the kidney was restored to normal by androgen 
stimulation. When the dose of androgens was increased there was a progressive 
increase in the arginase independently of the size of the kidney. The hamster, on the 
other hand, does not show this second response in spite of the fact that large doses of 
anchogens including 17-methyltestosterone, the most potent stimulator of kidney 
arginase, were used. Indeed i mgm/ day of testosterone propionate will produce 
a very marked increase of this enzyme in the rat kidney within a few days The 
possibility of dietai^r intake as a factor has been at least partially ruled out since 
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three different diets were used and one of these was the same as that used for rats 
and mice while another was the same as 'that used for guinea pigs. The possibility of 
an as yet unrecognized dietary factor essential for the kidney arginase response, 
however, may exist. 

The increase in ‘alkaline’ phosphatase and no effect on ‘acid’ phosphatase are in 
agreement with these observations in the rat (9, unpublished) and guinea pig kidnty 
(impublished). 

These variations in response of different species to castration and androgen 
treatment are of special and immediate significance since they are reflections of 
differences in mechanism of metabolic processes among the various species. 

SUMMARY 

Castration caused a decrease in the size of the seminal vesicles and prostates but no 
change in the kidney or liver. The administration of testosterone propionate by 
injection or by the subcutaneous implantation of a pellet for 20 and 140 days in- 
creased the seminal vesicles and prostates of castrated hamsters to greater than 
normal but did not affect the size of the kidney or liver. Pellets of testosterone and 
17-methyltestosterone implanted subcutaneously for 20 days produced similar 
responses. 

The arginase of the kidney increased as a result of castration and decreased to 
normal with the various androgen treatments. The ‘alkaline’ phosphatase on the 
other hand decreased after castration and was restored to normal with androgen 
treatment. The ‘acid’ phosphatase of the kidney and the arginase and phosphatases 
of the liver were not affected by castration or by the androgen treatment. 
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PARROT FISH THYROID EXTRACT AND ITS EFFECT UPON 
OXYGEN CONSUMPTION IN THE FISH, BATHYSTOMA 

DIETRICH C. SMITH ano SAMUEL A. MATTHEWS 
From the Department of Physiology, School of Medicine, University of Maryland 

BALTIMORE,- MAEYLAND 

and the Thompson Biological Laboratory, Williams College 
TOLLIAMSTOWN, MASSACHUSETTS 


T he physiology of the teleost thyroid still awaits clarification. While 
several investigators have tried (1-4), no one has succeeded as yet in chang- 
ing the oxygen consumption of teleost fish upon the administration of 
thyroid hormone of mammalian origin. Further, there is no agreement in the 
literature on the effect of mammalian thyroid hormone on other physiological func- 
tions of fish, such as growth and differentiation. It hardly seems necessary to 
recapitulate this literature here since it has been thoroughly reviewed elsewhere (3, 4). 

With the advent of anti-thyroid drugs such as thiourea and thiouracil, a new 
approach to the problem was possible. The results to date have been scanty. 
Goldsmith ei al. (5) reported a retardation of growth in platys grown in thiourea 
solutions. However, Matthews and Smith (4) were unable to show any change in the 
oxygen consumption of adult Fundulus after daily injections of thiourea. These 
results, while not necessarily contradictory, indicate the desirability of further 
investigation. 

In the past, students of the physiology of the fish thyroid have uniformly used 
mammalian thyroid extracts. We have felt for sometime that such preparations 
might not be optimal. But until recently, because of the diffuse nature of the thyroid 
tissue in most fishes, the difficulties in obtaining an adequate supply of teleost thyroid 
have been too great to permit the manufacture of extracts of teleost origin. However, 
Matthews (6) has recently described in the Bermuda parrot fish a large and discrete 
thyroid gland. Since this fish (weighing up to 30 pounds) is not too difficult to 
obtain in Bermuda waters and since one fish will yield about 29 mgm. of dried thyroid 
tissue per kilogram, a plentiful supply of glandular tissue has become available for 
extraction. 

The probability that an active thyroid extract could be prepared from such 
tissue was further strengthened by the observation of Matthews and Smith (7) that 
iodine is concentrated in the thyroid gland of the parrot fish (Sparisoma sp.). This 
was done by injecting the radioactive isotope into small parrot fishes, removing 
the glands and applying them to unexposed x-ray plates. Such a procedure yielded 
autographs of the gland after several days of exposure. 


METHODS 

Preparation and injection of extract. ExtracU were prepared by macerating dried or fresh 
thyroid tiss ue in sea water. Drying was done in an oven at 5o°C. for 24 hours, or in acetone. No 
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attempt at purification was made. Extracts were also prepared from dried brain, muscle and liver 
of parrot fish. The common Bermuda white grunt Bathystoma sp.) was used as the test animal. 
All extracts were given intra-abdominally with a hypodermic syringe. Care was taken not to in- 
jure the swim bladder or other vital organs. 

Respiration chambers. For several days prior to injection all fish were kept in respiration 
chambers, maintained at a constant temperature. The chambers were of two sizes, one with a 
capacity of 250 cc. for small fish and the other with a capacity of 500 cc. for larger ones. The grunts 
fitted comfortably into the chambers and were allowed a certain amount of restricted movement. 
As a rule they adapted themselves quickly to the new environment and after the first day remained 
relatively motionless, except for an occasional movement of gill or fin. 

A continuous flow of water was maintained through each chamber; the rate of flow over any 
appredable period was constant, varying from 50 to 75 cc. per minute. 

Water temperature was kept constant by means of a constant temperature bath and a coil. 
It was not possible, however, to perform all experiments at the same temperature. Experiments 
were begun in March, with the bath temperature set at 2o‘’C. As the season advanced it was neces- 
sarj’^ to increase the temperature by 0.5 to s.o°C. every two or three weeks to prevent too great a 
difference between the bath temperature and the outside water temperature. When the experiments 
were concluded late in Maj', the bath temperature stood at 25°C. 

The oxygen content of the incoming sea water varied from 5.71 cc. to 4.67 cc. per liter. The 
trend was downward as the outside water warmed, but the change was not consistent from day to 
day since variations, while small, were random and impossible to predict in advance.. The oxj^gen 
content of the outflow water varied with the size and the metabolic state of the fish, but it was never 
diminished by more than 0.75 cc. per liter less than that of the inflow. 

No fish stayed in the chamber more than 19 days. The average period was 9 days. None of 
the animals was fed during the experimental period and all lost weight at an average rate of about 
0.2 gram a day. About four fifths of the grunts placed in the chambers survived. They were killed 
at the end of the experiment to determine their sex. The remaining one fifth died before removal 
from the chambers. Only two animals {nos. 2 and 24, table i) which died before the end of the 
experiments were included in calculating the final results. The most common cause of death was 
stoppage of the flow of water through the chambers, due to failure of the water supply or plugging 
of the tubing with debris. 

Collection and analysis of samples. Samples of the inflow water to all chambers, as well as 
samples of the outflow from each individual chamber, were taken daily in the morning. The dis- 
solved oxygen in each sample was determined by the Birge-Juday (1911) modification of the Winkler 
method. O^gen consumption for each fish at the time of sampling was determined from the dif- 
ference in the oxygen tension of the inflow and the outflow water, and from the rate of flow of water 
through the chamber. Results were expressed in cubic millimeters of oxygen used by each fish per 
minute rather than in cubic millimeters per gram per minute. The latter expression was felt to be 
relatively meaningless since no correction could be applied for weight loss during the experiment or 
for error in weighing. All injections were made after the sampling for the day had been completed. 
Consequently the fish were undisturbed for approximately 24 hours after each injection before another 
determination of oxygen consumption was made. Previous experience had shown us that handling 
the fish for injection produced no change in oxygen consumption lasting more than one or two hours. 

RESULTS 

The results of the experiments are summarized in the following charts and 
tables. Figure i shows the daily oxygen consumption of three different white grunts 
kept in the chambers for varying lengths of time and treated in different ways. 
Fish A was left undisturbed for 12 days. After the first day the oxygen consumption 
varied in a seemingly random fashion, between 38 mm.® per minute and 66 mm.® per 
minute, with an average of 53.4 mm.®. This pattern may be considered t}^ical of all 
untreated fish. Almost without exception oxji'gen consumption was highest on the 



Mayi94S 


TELEOST THYROID 


217 


first day in the chamber and subsided on the second or third day to a level which, 
within the limits of variability, was constant from then on. This is in contrast to the 
behavior of Fundulus, where oxygen consumption progresses steadily downward 
while the fish are confined in respiration chambers (4). The daily variations seen in 
white grunts probably can be attributed to differences in activity. Spoor (5) has 
recently emphasized the variability in activity among goldfish and its effect on 
oxygen consumption. In our experiments the fish were usually left in the chambers 
for three to five days before injection and thus were given ample time to adjust them- 
selves to their surroundings. 



FIG. 2 


WCAN OF SCVtN 
POSITIVE 
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Fig. I. Omgen consumption in the white grunt, Bathystoma sp. A. Control. B Positive re- 
fehS^cSSracr responsi, after injection of parrot 

p.Sfeh?h” “ter™ “ "" »P-. “a iwctio. of 

The grunts which were injected with parrot fish extracts may be divided into 
two groups: i) those which showed an unmistakable rise in oxygen consumption 
a. ter injection (sucli as B, fig. i), and 2) those which did not (such as C fiv. i). A 
We less than one half of the fish injected fell into the first group. Hereafter they 
will be referred to as animals giving a positive response to thyroid extract, and those 
m the second group wiU be referred to as animals giving a negative response. In the 
second group are included those animals which obviously gave no response (such as 
, g. ). K well as those which, while giving a rise in oxygen consumption did not 
give one above the range that could be attributed to mndom variation 

three “ tabular form, groupiug the animals in 

diose whil showi a“t:pZft:CM eSr Tf' 

mjeeted with extracts of tissnes o.L than th^oid “nd 
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Table i. Oxygen consumption in white grunts before and after injection of parrot-fish 

THYROID GLANDS 


FISH NO. i SEX 




DAYS 

INITIAL WT. 

EXTRACT 

Before iniection 

After injection 



4 

3 1 2 

1 

1 i 2 

3 

4 


gots. Oi in mm f /min. 

Negative responses to thyroid e.'dracts 


% CHANGE 
FEOit DAY 
BEFORE 
INJ. 


Tin 

10 

thyroid 

26 

28 

26 

25 

20 

14 

20 


“20 

2/ 

IS 

thyroid 


27 

33 

28 

34 

Died 


21 

3/ 

ir 

thyroid 


40 

32 

40 

59 

43 

37 


37 

4/ 

20 

thyroid 

65 

80 

65 

52 

43 




-17 



thyroid 






70* 

52 


631 

Sm 

II 

thyroid 


27 

25 

28 

22 




— 21 



thyroid 






26* 

31 


18* 

6m 

13 

thyroid 

74 

37 

45 

46 

43 

37 



-6 

7/ 

II 

thyroid 

52 

34 

35 

36 

37 

32 



3 

8/ 

23 

thyroid 


57 

SO 

52 

63 

64 

S8 

6S 

21 

gm 

16 

thyroid 


57 

45 

48 

59 




23 

• 


thyroid 






67I 

63 

SO 

39* 

10/ 

II 

thyroid 


27 

22 

28 

29 




4 

11/ 

13 

thyroid 


33 

22 

28 

25 

29 

23 


— II 

Mean 

14 


54 

41 

36 

37 

39 

36 





Positive responses to thyroid extracts 


12/ 

IS 

thyroid 

92 

82 

46 

so 

82 

73 



64 

13/ 

17 

thyroid 

41 

42 

39 

47 

68 

44 

38 


45 

14/ 

26 

thyroid 

56 

53 

61 

52 

120 

84 

74 

90 

130 

15/ 

19 

thyroid 


52 

41 

37 

53 

86 



43 

16m 

21 

thyroid 

40 

36 

50 

46 

131 

78 

78 


183 

17/ 

32 

thyroid 

79 

59 

61 

60 

83 

88 

6s 

74 

38 

18/ 

22 

thyroid 

thyroid 

55 

39 

SO 

50 

79 

37 

6S* 

55* 

S8 

Mean 

22 


60 

SI 

SO 

49 

88 

70 

63 










Responses to non- 

thyroid tissue extract 






19m 

13 

brain 

38 

39 

32 

36 

43 

52 

34 


20 

aqf 

12 

muscle 

28 

34 

42 

33 

45 

36 



36 



thyroid! 







47* 


30* 

21/ 

12 

liver 


16 

14 

18 

29 

21 



61 

22/ 

12 

muscle 

34 

28 

32 

34 

33 

30 



-3 

23/ 

15 

muscle 

87 

43 

41 

49 

49 

49 

43 


0 

24 

14 

liver 

49 

30 

38 

37 

42 

Died 


13 

^sf 

28 

brain 

65 

SO 

52 

56 

56 

46 



0 

Mean 

IS 


50 

55 

34 

42 

36 

40 

37 

42 

39 




Mean for all groups 


41 





* Response to second injection not included in means or in figure 2. For this reason ^e positive 
response to the second injection in no. 4 is placed among the negative results and the thyroid injection 
into no. 20 is placed among the non-thyroid extracts. . , 

liver. No animal was placed in the positive group unless its oxygen consumption 
was at least 40 per cent higher on the day after the injection than on the day before. 
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This may seem an unnecessarily rigorous test, but it was held essential because of the 
marked daily variability in oxygen consumption. Possibly one or two animals 
{nos. 3 and p) in the negative group might be properly considered to have shown 
positive responses. Fish no. p, in particular, showed a marked increase in oxygen 
consumption after the second injection of thyroid extract. 

In figure 2 the average oxygen consumption for the 25 white grunts included in 
table I is given on the day of injection and on the four days immediately preceding 
and including the day of injection. Oxygen consumption was highest at the begin- 
ning of the run (55 mm.® per minute). For many fish this day was the first in the 
chamber, a time when oxygen consumption is always high. During the next three 
days the average oxygen consumption was remarkably constant, the actual values 
being 42, 40 and 41 mm.® per minute. 

Table 2. Epeect oe extracts giving either a positive response in some eish or a negative 

RESPONSE in other EISH 


SE3PONSE, ON DAY ATTER INJECTION 


EXTRACT NO. 

Negative 

[ positive 

Fish No. 

% change in 

Oj cons. 

Wt. 

Fish No. 

% change in 

Oj cons. 

Wt. 




irams 


i 

grams 

8 

2 

21 

IS 

18 

S8 

22 

II 

20 

30 

12 

4 

63 

20 

1 

9 

23 

16 

18 

76 

22 

IS 

s 

18 

II 

12 

64 

IS 


6 

-6 

13 


i 



7 

3 

II 




Mean 


IS 

13 


6s 

20 


After injection the average oxygen consumption of the seven fish given extracts 
of non-thyroid tissue showed no change. This response was also found, of course, 
in the eleven fish of the negative group. In the seven fish of the positive group, 
however, the oxj’^gen consumption on the day after the injection averaged 88 mm.® 
per minute on the first day and 70 mm.® per minute on the second day after injection. 
Compared to the mean oxygen consumption of the whole group prior to injection, 
this represents a substantial increase. Actually the increase was not quite as great as 
would appear from figure 2, since the mean level for the positive group before injec- 
tion is somewhat higher than the mean level for the group as a whole. This is due 
to the fact that the weight of the positive group on the whole is higher than the com- 
bined average weight of all groups. However, the difference in no way alters the 
significance of the results. 

Out of the 13 extracts prepared, 5 gave only positive responses, 5 gave only 
negative responses, and 3 gave positive responses in some fish and negative responses 
in others. The r^ponses to the last group of extracts are shown in table 2. It is 
seen that all fish giving positive responses weighed 15 grams or more and that aU those 
giving negative responses weighed 16 grams or less. These facts strongly suggest 
^at the character of the response is determined in part by the weight of the fish 
This supposition IS borne out by the data of table i, where it is seen that all animals 
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except two {nos. 4 and p) giving a negative response weigh 15 grams or less and that 
the average weight for the group is 14 grams. On the other hand, all of the animals 
in. the positive group weigh 15 grams or more and the average , weight for the group is 
22 grams. 


DISCUSSION 

The failure of some animals to respond to parrot fish thyroid extract may have 
two possible explanations. Either the fish used were unresponsive or the injected 
extracts were inactive. In these experiments both possibilities seem implicated. 
As we have already seen, fish below a certain weight will not respond. Whether there 
are limiting factors other than weight is not known. The data of table i suggest that 
sex differences may also be involved since six of the seven fish showing a positive 
response were females. However, we do not feel that our data are sufl&cient to justify 
such a conclusion, especially when it is noted that the one male fish {no. 16) in the 
positive group gave the greatest response. Nor can any differentiation between the 
negative and positive groups be made on the grounds of sexual maturity since all 
animals were proved to be sexually active. 

Unquestionably some of our negative results were due to the use of inactive 
extracts. Our crude method of preparation was probably not conducive to the 
preservation of the metabolic stimulating factor. However, not aU of our negative 
results can be explained as due to the use of inactive extracts, as is clearly shown in 
table 2. 

It is fortunate that the negative group includes two animals {nos. 4 and 8) 
which weigh 20 grams or more, for they demonstrate that large animals injected with 
inactive thyroid extracts do not show an increase in oxygen consumption detectable 24 
hours after injection resulting from the handling and excitement. In the group 
injected with non-thyroid tissue extracts, only one fish {no. 25) can be classed as a 
large animal. Undoubtedly more control experiments, on animals weighing 20 grams 
or more and injected with inactive thyroid extracts or non-thyroid extracts, would be 
desirable. At the time the present work was done, the importance of size was not 
appreciated. 

In table i, one of the fish {no. 21) injected with liver extract gave what must be 
termed a positive response. From other experiments we suspected that hver ex- 
tracts were toxic and possibly this fact accounted for the prolonged excitation follow- 
ing injection. With this one exception, no tissue extract gave a positive response. 
Thus we feel that the evidence at hand definitely indicates extracts of the parrot fish 
thyroid have a special capacity to increase oxygen consumption in white grunts. 

There seems to be no a priori reason why smaller animals should be less sensitive 
to thyroid extract than larger animals. The oxygen consumption of the small ani- 
mals did not deviate from the average set by the larger fish. The small fish (weighing 
less than 15 grams) had an average oxygen consumption of 2.46 mm.^ per gram per 
minute. Comparing this with the average oxygen consumption (2.37 mm.^ per gram 
per minute) of the larger group, it is evident that there is no significant difference be- 
tween the two groups. Thus, there is no indication of any metabolic differences be- 
tween large and small grunts which would account for their different sensitivities to 
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thyroid extract. In both groups data were collected after the fish were adapted to 
the respiration chambers and after their oj^gen consumption rates bad stabifized. 
No attempt was made to study the effect of thyroid extracts on the oxygen consump- 
tion of animals which were stimulated to greater activity than was the case in these 
experiments. Spoor ( 5) and Fry and Hart (g) have developed methods for determin- 
ing the effect of activity on fish metabolism. According to Spoor (5), in an active 
goldfish the oxygen consumption at 23°C. to 2S°C. may be four times that found in 
the basal state. Fry and Hart (9) have shown that at 22°C. a swimming goldfish 
consumes about twice as much oxygen as does one remaining quiet. 

Whether the increase in oxygen consumption observed on the injection of thy- 
roid extracts into fish has physiological significance cannot be decided on the evidence 
presented here. Any assumption based on data from mammalian experiments would 
be misleading. It must not be forgotten that fish are poikilotherms and are not under 
the necessity of regulating body temperature as is the mammal. Not until we know 
more about the relation in fish between bodily activity, temperature, thyroid activity 
and oxygen consumption will we be able to assess the significance of any metabolic 
stimulating effect of thyroid extracts. 

The fact that thyroid extracts of mammalian origin do not increase oxygen con- 
sumption in the fish, while those of teleost origin do, suggests a possible difference 
between these two compounds. However, it does not necessarily follow that these 
two extracts have identical chemical composition. 

SUMMARY 

Extracts were prepared from the thyroid glands of Bermuda parrot fish. These 
extracts, when injected into white grunts weighing 15 grams or more, produced a 
significant rise in oxygen consumption within 24 hours after injection. Fish weighing 
less than 16 grams did not react by increasing their oxygen consumption. 

All of our experiments -were performed at the Bermuda Biological Station for Research where 
through the kind offices of Dr. Dugald E. S. Brown, the Director, we were adequately supplied with 
space and materials. We are also deeply indebted to Mr. L. S. Mowbray of the Bermuda Govern- 
ment Aquarium, whose assistance was invaluable in securing a supply of parrot fish. The work 
was supported by a grant from the Williams 1900 Fund and by the Bermuda Biological Station for 
Research, from funds supplied by the American Philosophical Society. 
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CONCENTRA.TION OF RADIOACTIVE IODINE BY THE 
THYROID GLAND OF THE PARROT FISH, 
SPARISOMA SP.i 

SAMUEL A. MATTHEWS and DIETRICH C. SMITH 
From the Thompsoti Biological Laboratory, Williams College 

^VlLLIAMSTO^VN, MASSACHUSETTS 

and the Department of Physiology, University of Maryland, School of Medicine 

BALTIMORE, MARYLAND 

A TTEMPTS to determine the role played by the thyroid gland in the activities 

Z_ 3 L of teleost fishes have been handicapped by the diffuse nature of the gland 
-L. JL in these forms.- The number of experiments is small, the results in some 
cases conflicting. Our present knowledge concerning the gland can be quickly 
summarized. 

Anatomically it consists of follicles scattered in the connective tissue along the ventral aorta 
and afierent branchial arteries (1,2), except in the sWordfish, Xiphias, where it is compact (3). The 
glands of the haddock (4) and of the flounder (5) contain iodine, though in rather small quantities. 
Thyroid material from several species is reported to accelerate metamorphosis in frog tadpoles (5, 6), 
though in neither case is a description given of how the thyroid was removed and identified as such. 
The effect of teleost thyroid extracts on growth rate and body form of fishes has not been reported, 
but both may be altered by mammalian preparations (7-9). The administration of thyroxine, 
thyroid tablets or thyroid powder has no apparent effect on o.xygen consumption in teleosts (10-12), 
nor do teleosts treated with thiourea show any reduction in oxygen metabolism (13). It has been 
found, however, that treatment with thiourea may result in retardation of growth and failure in 
development of secondary sexual characteristics (14) • Furthermore, on the basis of histological 
changes appearing in the thyroids of the eel and certain flat fishes at metamorphosis, it lias been 
suggested that the gland in these animals is concerned with the pronounced changes that occur in 
these forms (15, 16). Finally, it has been reported that the teleost thyroid can be activated by 
pituitary extracts of several groups of vertebrates, including fishes (17, 18). 

These fragments of information concerning the teleost thyroid help very little 
in understanding precisely what role the gland plays in the economy of the individual. 
Recently a discrete, compact thyroid gland has been reported in the Bermuda parrot 
fish (19). Since these animals are abundant in Bermuda waters they afford good 
material for studying the functions of the thyroid in teleost fishes. One of the first 
problems investigated was concerned with the abihty of the gland to concentrate 
iodine, a property which has been well established for the thyroids of higher verte- 
brates. To examine this the following experiment was carried out. 

Small specimens of Sparisoma, the Bermuda ‘mudbelly,’ were injected intra- 

Received for publication April 16, 1948. 

'This work was aided by grants from the Williams 1900 Fund and the American Philosophical 
Society. It was carried out at the Bermuda Biological Station for Research. We are indebted to 
Dr. Dugald E. S. Bro-wn, Director of the Station, for many helpfxil suggestions, and to Mr. L. S. 
Mowbray, Director of the Government Aquarium, for identification of our animals and for permis- 
sion to use fish from the Government pool. 
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peritoneally with radioactive iodine.- The only method available for detection of 
the radioactive substance in the tissues was the autographic technique which has 
been described by a number of workers. A recent excellent review is that of Axelrod 
(20). is known to produce good autographs of tissues which contain large 
enough concentrations of it, presumably because of its beta emissions. It has a beta 
radiation of 0.6 MEV and gamma radiations of 0.357 3-nd 0.080 MEV. No 
radioautographic data have been reported in the literature for a pure gamma emitter. 
The range of gamma radiation is great and limited ionization occurs; therefore, 10 to 
100 times the radioactivity would probably be required to obtain an autograph from 
a gamma emitter as compared to an alpha or beta emitter” (Axelrod, 20). 
Beta emitters, however, give good autographs of materials containing them in suffi- 
cient quantity. It is of interest also to note that beta rays with lower energy values, 
such as those from P^i, give autographs of better resolution than those with higher 
ones, such as P^-, with beta energy of 1.72 MEV (20). 

When measured at Stamford on April 29th the lo-cc. sample used in these ex- 
periments contained 65-70 microcuries of P®'. This material has a half-life of 8.0 
days. Since some delay was experienced in shipment, when received in Bermuda, 
May 7th, it contained approximately 3.3 microcuries per cc. Nothing was known of 
the ability of fish thyroids to concentrate iodine. Since only the one sample was 
available we varied the dosage widely but tried to make sure that at least some of the 
animals would receive enough material to affect X-ray film. Accordingly eight 
animals about 20 cm. in length were injected with doses varying from 0.8 to 2.5 cc. 
Each animal thus received between 2.6 and 8.3 microcuries. The animals were killed 
at intervals of 6, 12, 24 and 48 hours after injection. From each fish the thyroid, 
auricle and a piece of gill were removed for study. The auricle was used as an 
example of nonthyroid tissue whose ability to concentrate iodine might be compared 
with that of the thyroid. The gill was examined becauses in most teleosts thyroid 
follicles are scattered in the region of the gills and we were curious to see if this might 
be true also in these forms, even though they do possess a fairly compact gland. The 
tissues were placed on a glass slide and dried in an oven at 5o°C. Such drying of 
material preparatory to making autographs of it concentrates any radioactive ma- 
terial it may contain into a smaller volume and also flattens the tissues so that auto- 
graphs of better resolution are produced. After 12 hours in the oven the slide was 
removed and applied to a piece of dental x-ray film which was left in its film cover. 
The penetrating power of beta radiations is small. A preliminary trial showed that 
our material would not affect the film through both the cover and the glass slide, 
so in all experiments the slide was mounted on the film with the tissues in contact 
with the fihn cover. The film and slide were held together firmly by adhesive tape 
and were left in contact for periods ranging from 56 hours to 8 days. 

When the films were developed every case showed autographs of both thyroid 
and gill region (figs, i, 2). Although the gill concentrated the material less than did 
the thyro id, with long exposures this difference was masked (fig. 4), but in shorter 


mn'. prepared in Columbia University’s cyclotron and separated from contaminating 

materials in the research lal^ratories of the American Cyanamid Company at Stamford Connecticuf 
We are greatly indebted to D^. R. O. Roblin and D. J. Sally of this laboratory for secur ^ purS 
and measunng the potency of this material, and for shipping it to us in Bermuda. 
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ones the autographs of the thyroid and of the gill were obviously different in intensity 
(fig. 3). The portion of the film under the auricle was not affected (figs, i, 2). 

It was thus clear that both the thyroid and the gill tissues had concentrated 
in sufficient degree to affect the x-ray emulsion. Although the iodine must have 
been widely distributed to the tissues of the body, its concentration in the auricle, 
and presumptively in other nonthyroid tissues as well, was too small to affect the film. 
Why the tissues in the region of the gill also concentrated the radioactive iodine has 
not been determined. The most obvious explanation is that here, as in other tele- 
osts, some thyroid follicles are to be found in the neighborhood of the gill. Histo- 


1 



Fig. 1. Photograph of dried tissues of parrot fish 
Fig. 2. Radio AUTOGRAPH of tissues shown in figure i 
Fig. 3. Radioautograph of parrot fish tissues, exposure time, 56 hours 
Fig. 4. Same as figure 3, exposure time 65 days. A, auricle; G, piece of gill tissue; T, thyroid 

logical study of this region to determine whether or not this is the case has not yet 
been made. 

DISCUSSION 

The methods that can be used to study the activity of the diffuse thyroid gland 
present in most teleosts consist chiefly of measuring cell height and computing follicle 
size and number. These are tedious and yield results of questionable accuracy. 
Efforts to determine the effects of hypophysectomy on the thyroid of Fundulus, for 
example, have produced no results that could be interpreted (unpublished data). 
The compact gland of the parrot fishes can be studied by more precise and convenient 
methods. Since the gland concentrates radioactive iodine, quantitative methods may 
be employed to measure the concentration of this material by the gland under 
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different experimental conditions. Variations in activity coincident with seasonal 
changes, with different phases of growth and the sex cycle, and tlie relation of the 
thyroid to the pituitary gland, can all be more effectively studied by this means. 
The results of such experiments should help a great deal in understanding the r61e 
played by the thyroid in the bony fishes iaparticular and to some extent in the cold- 
blooded forms in general. More than this, it seems reasonable to suppose that 
adequate knowledge of the functions of the thyroid in such forms will illuminate to 
some degree at least the activities of the gland in warm-blooded vertebrates as weU. 
In birds and mammals the thyroid is involved in the processes which maintain a high 
metabolic rate and constant body temperature. The concern of the thyroid in these 
processes must have developed in connection with, or at least was greatly exag- 
gerated by, the evolution of the homoiothermal condition. The little evidence we 
have indicates that in fishes, at any rate, the thyroid is but little concerned in 
metabolic regulation. Yet cyclic changes in the gland of several fishes indicate 
that it plays some role in the activities of the individual, a r61e presumably more 
primitive than that in warm-blooded forms. When its functions in cold-blood 
forms are known they might well provide a better understanding of similar func- 
tions in warm-blooded animals which are masked by the dominant activities asso- 
ciated with metabolic regulation. 


SUMMARY 

The thyroid gland of the parrot fish, Sparisoma, unlike that of most teleosts, is a 
compact one. Like the thyroids of higher vertebrates it concentrates radioactive 
iodine. The extent to which the gland concentrates this material under different 
seasonal and experimental conditions can now be studied by the quantitative meth- 
ods available for measuring such radioactive isotopes. 
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POTENTIATION OF THE HYPERTENSIVE EFFECTS OF 
DESOXYCORTICOSTERONE ACETATE (DCA) 

BY VARIOUS SODIUM SALTSi 

SYDNEY M. FRIEDMAN, CONSTANCE L. FRIEDMAN and JOHN R. POLLEY^ 
From the Department of Anatomy, McGill University 
MONTREAL, CANADA 

T he rise in blood pressure in essential hypertension has long been correlated 
with changes in salt metabolism. While moderate restriction of salt has 
become incorporated into the routine therapy of this disease in many 
centers, GroUman (i) confirmed by others (2) has recently reported a benefiicial effect 
with rigid restriction of sodium in some patients. In animal experiments, Grollman 
and Harrison (3) obser\^ed an increase in the survival time of renal hypertensive rats 
fed a diet low in sodium, but Grollman (4) found no decrease in pressure in renal 
hypertensive dogs. Manwaring (5) obtained a lowering of the blood pressure in 
renal hypertensive dogs on a low chloride diet. 

On the basis of his experimental findings, Selye (6) has suggested that the cause 
of essential hypertension might reside in an overproduction of adrenal cortical 
hormones. This would provide some explanation for the occasional beneficial effect 
of salt restriction observed clinically. 

Investigating this further we have found that a hypertensive syndrome can be 
elicited in the rat by small doses of desoxycorticosterone acetate (DCA) without the 
use of other intensifying measures (7). The doses used did not exceed 3007/day. 
The substitution of i per cent saline for the animal’s drinking water aggravated the 
condition without altering it qualitatively. Changes in renal function occurred 
which were analogous to those which have been observed in essential hypertension in 
man, and there was also an elevation in plasma sodium, accompanied by a decrease 
in plasma potassium and chloride, with a consequently progressively increasing 
Na/ Cl ratio. 

In view of our failure to elicit any comparable change in electrolytes in rats made 
hypertensive by renal compression (8), as well as the clinical observation that salt 
restriction is beneficial and an electrolyte alteration demonstrable only in some cases 
we have, for the present, considered that the adrenal cortex may play a primary role 
only in some cases of essential hypertension. Implicit in this is the suggestion 
that such cases be classed as instances of ‘hormonal’ rather than ‘essential’ hyper- 
tension. 

Because of its practical features, the mechanism of action of DCA in this process 
requires furtlier elucidation. Perera and Blood (9) after administering DCA to 
normal and hypertensive subjects for one week noted an elevation in systolic and 
diastolic pressures -only in the latter group. Since changes in salt and water metab- 

Received for publication May 3, 1948. 
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olism were the same in both groups they concluded that the effects of DCA on blood 
pressure and on salt metaboUsm were probably independent processes. In another 
series (10) they reported an abnormal salt metabolism in hypertensive patients which 
they considered might be referable to altered renal function. Knowlton ei al. (ii) 
have studied the effect of saline feeding in rats under treatment with DCA and con- 
cluded that the potentiation of the effects observed was specifically due to the 
sodium ion, since potassium chloride was without effect. While it is true that the 
absence of a potentiating effect in the case of potassium chloride was probably because 
no added sodium was present, it might also have been referable to a beneficial effect 
of added potassium. It is not possible to distinguish between the three variables of 
potassium, sodium and chloride by loading the organism with only two salts such as 
NaCl and KCl. 

It appeared that some clarification of this problem might be obtained if the 
animal were treated with a series of salts having, if possible, the same single variable 
in each. 


EXPERIMENT I 

Initially, sodium salts of normal organic metabolites were used. These were 
chosen with the idea that the organic part of the molecule would probably break down 
without influencing the electrolyte pattern itself. In the first experiment, sodium 
glycerophosphate and sodium glutamate were tested. (Preliminary work in which 
normal animals received these salts in their drinking water for five weeks showed 
them to be nontoxic.) In both instances, it might be expected that the organism 
would be faced with the need for handling an excess of sodium. 

Four groups of 20 male albino rats were maintained for 25 days. Throughout 
the experimental period they were fed Purina Fox Chow ad lib. Half of each group 
was used for renal function studies (12), the other half for plasma electrolyte deter- 
minations (13). Blood pressure, using the method of Byrom and Wilson (14) with 
ether, was determined in all animals. All investigations were carried out during the 
third week of the experiment, and when completed the animals were killed and the 
hearts and kidneys weighed after fixation. Later, the microscopic appearance of 
kidney sections was studied. 

Group I served as intact control and received tap water ad lib. The animals of 
group 2 received a subcutaneous implant of DCA (one third of a 75 mgm. Schering 
Cortate pellet) on the first and tenth days of the experiment, and i per cent saline as 
drinking water. Group j received a similar administration of DCA and 2.9 per cent 
sodium glutamate as drinking water, while grottp 4 received DCA with 2.7 per cent 
sodium glycerophosphate. Each of these waters contained equivalent amounts of 
sodium. They were fed ad lib., and in all cases were hberaUy ingested by the animals. 
Although water intake was not recorded, the NaCl water bottles were those most 
often refilled. Table i presents all the pertinent data. 

Blood pressure. DCA raised the blood pressure, as substantiated by the in- 
crease m heart weight obsen^ed in all groups receiving the steroid. While the average 
pressure m the groups fed glutamate or glycerophosphate was lower than that of the 
salme-fed group (2), no real comparison is possible because some animals parti- 
cularly m group 4, were moribund when the pressure was recorded. For this reason 
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the range of blood pressure is given in the table rather than the standard deviation. 
Certainly, however, the effect on blood pressure was not greater in the groups fed 
glutamate or glycerophosphate than in the saline-fed group and seems to have been 
less. 


Table i 


Group no 

1 

2 

3 

4 

Treatment 

Control 

DCA-Saline 

DCA-Glutamate 

DCA-GIyccro- 

phosphate 

Blood pressure, mm. Hg 

98 

130 

II6 

117.8 


(80-112) 

(10S-170) 

(90-140) 

(80-170) 

CiN, cc/ioo cm* 

0.32 

0.2s 

0.28 

o.lS 


zt 0 .O 2 

±0.08 

±0.08 

±0.06 

CpAH) cc/ioo cm* 

2.3s 

I- 9 S 

1.77 

0.80 


±0.29 

±0.15 

±0.42 

±0.30 

TmpAH, mgm/ioo cm* 

O.T29 

0.117 

0.093 

0.038 


±0.010 

±0.015 

±0.017 

±0.012 

FF as % 

14.0 

12.3 

15-4 

20.3 


±1.4 

± 3-7 

± 3-0 

±7.7 

CpAn/Tnipj^H 

18.4 

17.3 

18.3 

21.2 


±2.3 

±1.1 

±1.9 

±6.6 

mEq. Na 

iSi-S 

150.0 

148.6 

149.5 


±2.0 

±1.7 

±0.4 

±2.6 

mEq. Cl 

102.0 

95-4 

90.1 

90.8 


±2.0 

±2.4 

±6.3 

±4.9 

mEq. K 

5-7 • 

4-7 

3-2 

3.7 


±0.3 

±0.4 

±0.6 

'ztO.S 

Heart, wt., mgm/ioo cm* 

i 6 g 

203 

209 

2 II 


±13 

±26 

±32 

±51 

Kidney wt., mgm/ioo cm* 

458 

591 ' 

632 

1150 

(437-492) 

(521-677) 

(551-805) 

(980-1310) 

Initial wt., gms. 

58 

60 

62 

62 

Final wt., gms. 

157 

131 

136 

lOQ 

Animak with kidney lesions 

0/18 

6/16 

4/13 

13/13 


Renal function. As we have previously observed {f), at this time (three weeks) 
renal function was impaired in the DCA-saline group, with reductions of slight degree 
in the glomerular filtration rate (GFR,Cin), renal plasma flow (RPF,Cpah) 3-nd 
functional tubular excretory mass (TmpAn), while no renal ischemia, measured as 
CpAn/TmpAH) was evident. 

These changes were also present in the DCA-glutamate group (3), with evidence 
of a greater loss of tubular function as shown by a greater decrease in TmpAn- Renal 
plasma flow was also considerably reduced in this group, but in proportion to the loss 
of tubular excretory function, so that again no ischemia was present, Cpah /TmpAn 
remaining within normal limits. Glomerular function, Cjn, was relatively well 
presented. 

In group 4, which received DCA with glycerophosphate, severe renal damage 
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occurred. The glomerular filtration rate was halved, while renal plasma flow and 
tubular excretoty mass were reduced to about one third of normal. Although bacfiy 
damaged, the filtration mechanism was preserved better than the tubular, with 
consequent elevation of the filtration fraction (FF). Notwithstanding the wide- 
spread damage, the plasma flow per unit of residual tubular excretory tissue, Cpah/ 
TmpAH, was within normal limits. 

Plasma electrolytes. It is clear that DCA-saline treatment for three weeks 
produced no change in plasma Na, while plasma K and Cl were depressed. This 
agrees with our previous work, where a decreased plasma K and Cl preceded the 
appearance of an elevation in the plasma Na. Sunilarly, plasma Na was unchanged 
in the groups receiving glutamate and glycerophosphate, while potassium and 
chloride were depressed further than in the DCA-saline group. 

Histology and. organ weights. How poorly renal function was actually maintained 
is brought out by the significant increase in kidney weight which occurred in the 
group receiving DCA with saline, the marked enlargement in the group receiving 
DCA with glutamate and the tremendous enlargement seen in the DCA-glycero- 
phosphate group. 

Histologically, minimal lesions suggesting early glomerular sclerosis were 
observed in both the DCA-saline and DCA-glutamate groups, while in the DCA- 
glycerophosphate group renal structure was completely destroyed in many areas. 
There was widespread diffuse tubular atrophy and necrosis with scarring, so that 
whole masses of tubules were replaced with scar. Those glomeruli which were 
preserved were shrunken, with consequent enlargement of the capsular space and 
even such glomeruli were few. No vascular lesions were apparent. 

Discussion. The administration of DCA with the sodium salt of certain 
organic compounds appears to be more damaging to the kidney than when DCA is 
given with NaCl. This is shown by the greater functional derangement and the 
greater compensatory increase in renal mass as well as by histological examination 
and electrolyte study. This increased damage is not accompanied by a greater 
increase in blood pressure. 

Several conclusions may be drawn from these facts. It appears that the degree 
of elevation in blood pressure is not dependent on the degree of derangement of renal 
function, nor on the degree of interference with the electrolyte pattern as studied 
here. Electrolyte change seems to follow renal damage rather than blood pressure 
increase. Since an elevation of the blood pressure and an aggravation of renal 
functional derangement both occur following the ingestion of sodium in the three 
different salts studied, this factor would seem to be of etiological significance in both 
processes. 

Special mention must be made of sodium glycerophosphate. So dramatic were 
the changes in renal function in the group receiving this compound that it seems 
likely it exerts a renal damaging influence beyond that of its sodium component. 

EXPERIMENT 2 

A second experiment was now undertaken along the fines of the first but using ’ 
^erent sodi^ salts to rule out the possibility that the previous choices had been 
tortuitous. The salts employed were sodium citrate and sodium succinate. 
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Six groups of 10 male albino rats were maintained for 18 days on a diet of Purina 
Fox Chow ad lib. This experiment was maintained for one week less than the 
preceding, because the DCA-glycerophosphate animals in that study had been so 
badly damaged at the end of three weeks. Renal function studies were performed on 
the 15th and 17th days of the experiment, in each case preceded by the determination 
of blood pressure. The animals were killed on the i8th day and the kidneys and 
hearts were weighed. Electrolytes were not studied in this experiment. 

Group I served as intact control and received tap water ad lib; group 2 received 
2.33 per cent sodium succinate as drinking water; group j drank 1.69 per cent sodium 
citrate; group 4 received a DCA implant subcutaneously (one third of a 75 mgm. 


Tabtje 2 


Groot no 

1 

2 

3 

4 

• s . 

6 

Treatment 

Control 

Succinate 

Citrate 

DCA-Saline 

DCA-Succi- 

nate 

DCA-Ci- 

trate 

Blood pressure, mm. Hg 

99 

96 

98 

124 

no 

106 


(80-110) 

(84-108) 

(88-1 iS) 

(110-140) 

(100-140) 

• (88-140) 

No. with B.P. above 120 

0/8 

0/8 

0/9 

7/10 

i/io 

2/9 

C-iN, cc/ioo cm* 

0-34 

0.38 

0-35 

0.30 

0.26 

0.25 


d=o.o6 

±0.05 

±0.12 

±0.08 

zbo.oS 

±0.09 

CpAH) cc/ 100 cm* 

2.22 

2.17 

2.19 

2.06 

I- 9 S 

2.04 


±0.48 

± 0-33 i 

± 0-34 

±0.34 

±0,71 

±0.30 

TmpAHi mgm/ioo cm* 

0.124 

0.124 

0.123 

0.130 

O.III 

0.107 


±0.011 

±0.011 

±0.010 

±0.017 

±0.019 

±0.021 

FF as % 

15.3 

17-5 

15-9 

14-5 

13-4 

12.2 

CpAn/TmpAH 

17.9 

17.5 

17.9 

15 . 8 ' 

17-5 

19.0 

Kidney wt., mgm/ioo cm* 

479 

485 

483 

v/l 

to 

00 

.561 

660 


±43 

±35 

±23 

±30 

±31 

±83 

Heart wt., mgm/ioo cm* 

183 

169 

167 

17s 

173 

187 

Initial body wt., gms. 

71 

67 

66 

79 

82 

8.5 

Final body wt., gms. 

140 

130 

139 

137 

131 

13 1 


Sobering Cortate pellet) on the first and tenth days of the experiment and i per cent 
saline as drinking water; group 5 also received DCA pellet implants but drank 2.33 
per cent sodium succinate; and group 6 consisted of animals with DCA pellet implants 
drinking 1.69 per cent sodium citrate. Each of these drinking waters contained 
equivalent amounts of sodium and were in all cases liberally ingested by the animals. 
The NaCl water bottles were again those most often refilled. Table 2 presents the 
pertinent findings. 

Blood pressure. No change in blood pressure was obsers^ed in the three groups 
not receiving DCA. In clear-cut contrast, an elevation in the average blood pressure 
occurred in all three groups recei\ang DCA, significant, however, only in the DCA- 
saline group. Taking a pressure of 120 mm. Hg as representing the highest normal 
figure observed in the 2 5 determinations on groups 1-3, it is readily appreciated that 
most of the determinations in the DCA-saline group lay above this figure, while in 
the DCA'SUCcinate group, one animal in ten, and in the DCA-citrate group, two in 
nine exceeded this arbitrary figure. Regardless of the absolute validity of the actual 
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figures obtained it is clear that the pressure-raising effect of DCA was greatest m 
the DCA-saline group. (It has previously been shown that saline alone is quite in- 
effective in this respect.) That no increase in heart weight occurred in an}’- group 
in this experiment is quite understandable in view of its brief duration although an 
increase at this time did appear in the next experiment. 

Renal junction. The administration of either sodium succinate or sodium citrate 
alone was entirely without effect on any renal function. In contrast, renal function 
was slightly but consistently depressed in the three DCA-treated groups, with the 
least change in the over-all picture in the DCA-saline group. In this latter group 
function was essentially normal, and the depression of Cm and Cpahj although 
interesting since it follows the same trend shown by groups 5 and 6, was not statisti- 
cally significant. This confirms our previous observations at two weeks with DCA- 
saline. In the DCA-succinate and DCA-citrate groups. Cm, Cpah and TmpAH were 
all somewhat depressed. CpAs/TmpAH remained within normal limits in all groups 
indicating that there was no renal ischemia. 

Histology and organ weights. Histological examination of the kidneys revealed no 
pathological changes in any of the control groups. In the groups receiving DCA 
there were suggestions of early glomerular sclerosis and slight tubular atrophy in the 
kidneys of some animals. These minimal lesions were not encountered to any 
greater degree in any one group. 

The indication of a more severe renal functional involvement in groups 5 and 6 
was further substantiated by the fact that while kidney weight per 100 cm" was 
significantly greater than normal in the DCA-saline group, it was considerably greater 
in the DCA-succinate and DCA-citrate groups. 

Discussion. This substantiates the first experiment. Apparently excess 
ingestion of the sodium ion by animals under treatment with DCA intensifies the 
renal effect of this steroid. There is strong evidence that an intensification of renal 
damage is not necessarily reflected by a proportionate increase in the hypertension. 

It is likewise apparent that the excessive renal damage observed in animals 
receiving DCA with sodium glycerophosphate, in the first experiment, was not due 
to its sodium content alone for this did not occur with sodium glutamate, citrate or 
succinate, all of which were more damaging than saline. The possibility suggests 
itself rather strongly that glycerophosphate was specifically damaging because it 
furnished excess phosphate. A third experiment in this series was now undertaken. 

EXPERIMENT 3 

Eight groups of lo male albino rats were maintained for 15 days on a diet of 
Purina Fox Chow ad lib. Renal function studies were performed on the fifteenth 
day of the experiment, preceded by the determination of blood pressure on the four- 
teenth. The animals were killed immediately after the clearance study and the 
kidne}^ and hearts fixed and weighed. 

Grbup I served as intact control and received tap water ad lib; group 2 received 
2.78 per cent sodium sulfate as drinking water; group 3 received 3.1 per cent dibasic 
sodium phosphate and group 4 , 2.4 per cent monobasic sodium phosphate. Group 
5 received a DCA pellet implant (one third of a 75 mgm. Schering Cortate pellet) on 
the first day of the experiment, and i per cent saline as drinking water; group 6 
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consisted of animals with DCA pellet implants drinking 2.78 per cent sodium sulfate, 
group 7 of animals with DCA pellet implants drinking 3.1 per cent dibasic sodium 
phosphate and group S of animals with DCA implants drinking 2.4 per cent 
monobasic sodium phosphate. Each of these drinking waters contained the same 
concentration of sodium and were in all cases liberally ingested by the animals. The 
NaCl water bottles were those most often refilled. Table 3 presents the pertinent 
findings. 


Tabu; 3 


Group no 

1 

2 

3 

4 

s 

6 

7 

8 

Treatment 

Control 

NajSOr 

NaiHPOr 

NaHjPOi 

DCA- 

NaCl 

DCA- 

Na-SOr 

DCA- 

NajHPO. 

DCA- 

NaHtPO. 

Blood pressure, mm. 

92 

88 

86 

93 

1 13 

no 

116 

100 

Hg 

±8 

±6 

±ii 

±8 

±II 

±11 

±16 

±32 

No. with blood pres- 
sure >110 , 

0/9 

0/9 

1/7 

0/8 

4/9 

2/6 

5/8 

2/6 

Cin, cc/ioo cm- | 

0.40 

0-47 

0-37 

0.31 

0.30 

0.36 

CO 

0* 

0.22 


±0.09 

±0.14 

±0.09 

±0.12 

±0.12 

±0.16 

±0.13 

±0.09 

Cp,\H, cc/ 100 cm- 

2.78 

2.53 

2.72 

2 -SS 

2.52 

2.57 

2.09 1 

0 

CO 

d 


±0.40 

±0.54 

±0.63 

± 0.75 

±0.48 

±0.47 

±1.42 

± 0.45 

TmpAH, nigm/ 100 cm* 

0.14s 

0.125 

1 0-133 

0,120 

O.II9 

0.123 

o.ios 

0.050 


±0.017 

±0.022 

±0.018 

±0.033 

±0.021 

±0.016 

±0.035 

±0.031 

FFas% 

14.4 

18. s 

13.6 

12. 1 

12.0 

14.0 

13.4 

27,0 

CpAu/TmpAH 

19. 1 

20.2 

20.4 

21,2 

21,1 

20.8 

19.9 

16.0 

Kidney wt., mgm/ioo 

453 

479 

486 

584 

596 

581 

852 

113s 

cm* 

±18 

±29 

±49 

±90 

±62 

±71 

±190 

±94 

Heart wt., mgm/ioo 

190 

193 

202 

213 

227 

229 

244 

190 

cm- 

±12 

±16 

±17 

±27 

±18 

±13 

±6 

±21 

Initial wt., gms. 

59 

64 

70 

79 

79 

87 

83 

71 

Final wt., gms. 
24-hour intake per 
100 grams in cc. 

132 

131 

135 

143 

143 

46.3 

150 

31-3 

161 

29-3 

85 

25.4 


During the course of this experiment an outbreak of pneumonia occurred in the colony of origin. 
The animals in this experiment received prophylactic injections of penicillin which may account for 
the increase in the control values for Cin and Cpah here as compared with our usual findings. 


Blood pressure. No change in blood pressure was observed in the four groups 
not receiving DCA, although one frankly hypertensive animal was observed in 
group j drinking dibasic sodium phosphate. Again, in clear-cut contrast, elevations 
of pressure occurred in all four groups receiving DCA. This was true even in the 
case of gro2tp 8, DCA with monobasic sodium phosphate, where although only 6 
animals in the group survived what was apparently an intensely damaging process 
and were in relatively poor condition, still two of the six exhibited a marked elevation 
in pressure. With the exception of this group the degree of elevation in all DCA 
groups was about the same. In support of these findings, heart weight was signifi- 
cantly increased in aU groups receiving DCA except in group 8 where the animals 
were greatly debilitated. It is not possible to explain at this point why, in the 
previous experiment, cardiac hypertrophy did not develop within a similar period. 



May 1Q4S 


HYPERTENSION AND DCA 


233 


Renal function. While the administration of the sodium salts without DCA was 
without significant effect on renal function, this statement is only partially true in 
respect to phosphate. Thus, in group 4, receiving monobasic sodium phosphate, 
there was a trend toward hnpairment, which was borne out by the increase in renal 
weight observed at autopsy. Function proportionate to renal mass was obviously 
not maintained, indicating the damaging effect of phosphate alone. It should be 
emphasized that since these drinking waters were matched for sodium content, 
groups 4 and 8 received almost double the amount of phosphate given groups 3 and 7. 

No statistically significant change in renal function was exhibited by either 
group 5 or 6, DCA with saline and sodium sulfate drinking waters, respectively, 
although the increase in kidney size indicates that function was maintained only 
by hypertrophy. In contrast, function was impaired in both groups 7 and 8, DCA 
with dibasic and monobasic sodium phosphate, respectively. In group 7, receiving 
less phosphate, the maintenance of renal function even at values somewhat below 
the control level involved a great increase in renal size. In group 8, the changes in 
15 days here were comparable with those previously observed in animals given DCA 
with sodium glycerophosphate for 25 days. In this group, renal plasma flow and 
functional tubular mass were greatly reduced, while the filtration rate was reduced 
to a lesser extent. The parallel between the amount of phosphate ingested and the 
degree of renal damage is clearly indicated by the comparative renal weights in 
groups 7 and 8. 

The average water intake of each DCA group for a period of 24 hours is shown ii 
table 3. 

Histology. Essentially no histological change was observed in the kidneys of 
those animals which received salts alone, with the exception of group 4 (drinking 
monobasic sodium phosphate) where hypertrophy of the tubules, enlargement of the 
glomeruli and hemorrhage into the capsular space was seen in some cases. In the 
groups receiving DCA, only minimal glomerular sclerosing changes were occasionally 
observed where this treatment was coupled with NaCl or NasSOi. In marked con- 
trast, frank renal pathology was observed in the groups receiving DCA with sodium 
phosphate. These changes were less marked in the group receiving the dibasic salt 
and more extreme in the group receiving the monobasic. They were the same in 
character as those previously observed following the administration of DCA with 
sodium glycerophosphate. 

Discussion. This experiment demonstrates that phosphate is particularly 
nocuous when given to a DCA-treated animal and may even damage the intact 
kidney. This clarifies the situation previously observed with glycerophosphate. 

COMMENT 

In tliese experiments in which DCA was given with various sodium salts, it was 
noted that the intensification of effects was dependent on the excess ingestion of the 
sodmna ion itself. This confirms the findings of Knowlton et al. (ii). In the course 
of the investigation an intensely damaging effect occurred when DCA was given with 
sodium glycerophosphate. This was traced to the phosphate ion which was exces- 
sively damaging in the presence of DCA and could even damage the kidney of the 
otherwise intact animal when given as monobasic sodium phosphate. Hence, while 
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sodium specifically aggravates the disease process produced by DCA, it is clear that 
other ions may be equally important. 

It appears that the changes in electrolyte pattern which foUow the administration 
of DCA parallel the interference with renal function. This supports the conclusions 
of Perera and Blood (10) and of Farnsworth (15) that the electrolyte change is 
dependent on interference with normal renal function. 

Finally, it was also possible to make further observations on the correlation 
between abnormal renal function and hypertension. While it has been noted con- 
sistently that the rise in pressure antedates any significant change in renal function, 
and that the hypertension is not aggravated by increased renal damage, the con- 
clusion that DCA hypertension is entirely independent of the kidney is not yet 
warranted. In every instance in which the kidneys were weighed it was noted that 
the maintenance of renal function within normal limits involved a compensatory 
hypertrophy of the kidney, suggesting that DCA must cause some initial intrarenal 
derangement. Whether this derangement causes the hypertension or whether these 
two effects are separate cannot yet be answered with certainty. 

SUMMARY 

The action of sodium chloride in intensifying the effects of DCA on renal func- 
tion, blood pressure and electrolyte pattern seems specifically referable to the sodium 
content. Phosphate may be excessively damaging to a kidney under the influence 
of DCA. The derangement in plasma electrolyte pattern caused by DCA appears 
to parallel the kidney damage. The intensification of the renal damage caused by 
DCA and salts is not necessarily accompanied by an intensification of the hyper- 
tension. While the increase in blood pressure following the administration of DCA 
antedates significant change in renal function, the presence of renal hypertrophy 
indicates that some renal change has occurred. 

The authors wish to thank Dr. E. Schwenk, and Mr. L. Casey of the Schering Corporation 
Ltd., for the Cortate pellets and Dr. W. P. Roger of Sharp and Dohme Inc., Glenolden, Pa., for the 
sodium p-aminohippurate used in this work. 
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ACID AND ALKALINE PHOSPHATASE LEVELS IN CONSECH- 
TR^E SEMEN EJACULATES FROM BULI.S^ 

J. T. REID^ G. M. WARD akd R. L. SALSBURY’ 

From the New Jersey Agricultural Experhnent Station 

SUSSEX, KEW JERSEY 

S TERILITY in males and spermatozoa physiology have been studied with 
increased interest during recent years. The possible r6le of enzyme systems 
in the provision of spermatozoan energy has been the object of a number of 
investigations (i). Extensive reports by the Gutmans and their associates have 
demonstrated a high concentration of a specific acid phosphatase in the prostatic 
tissue of the human being ( 2 ) and of the Rhesus monkey (3). Further study showed 
that the enzyme appears in the prostate gland after puberty (4) and precociously in 
that of prepubertal Rhesus monkeys following testosterone propionate treatment (3). 
Very little acid phosphatase activity was found in the prostate gland of the sexually 
mature dog, cat, rabbit, guinea pig and rat; that of the rat, however, contained con- 
siderable quantities of alkaline phosphatase (4) . Wolbergs found very small amounts 
of acid phosphatase in the prostate gland of the steer (5). 

Although Gutman and Gutman (6) found very high levels of acid phosphatase in human semina 
fluid, the alkaline enzyme was not present in appreciable quantities. Upon fractionating the human 
semen ejaculate and employing the acid enzyme of the prostatic secretion as a ‘tracer’, Gutman and 
Gutman (6) were able to demonstrate that the secretion from the prostate gland precedes that of 
the seminal vesicles in the order of ejaculation. Though the function of acid phosphatase is yet 
undetermined, the high concentration of acid phosphatase, the optimal pH of the adult human vagina 
and the suitable substrates existent in seminal fluid have suggested to Gutman et at. (3, 4, 6, 7) that 
the enzyme exercises some significant function in reproduction. However, the semen of sterile men 
contained add phosphatase within the normal limits (6). Reid, Ward and Salsbury (8) showed that 
the level of alkaline phosphatase in the plasma of bulls declines linearly with an increased rate of 
spermatozoa production. Lardy and Phillips (9) reported the presence of alkaline phosphatase in 
the semen of the bull with a greater per unit volume concentration in the spermatozoa than in the 
seminal fluid. Very small quantities of acid phosphatase were found in the semen of the bull (10) . 

These reports would indicate that differences exist between species relative to 
the level of phosphatases in semen and that at least the acid enzyme may be involved 
in some manner in reproduction. It was the purpose of this investigation to study 
the variations in the concentration of acid and alkaline phosphatase in consecutive 
ejaculates of individual bulls and in the ejaculates from different bulls and to attempt 
to correlate these variations with various semen characteristics and diet. 
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METHODS 

A series of ejaculates was obtained individually with artificial vaginas from 
each of 10 bulls at 33 months of age and analyzed for acid (pH 5.0) and alkaline 
(pH 9.3) phosphatase activity according to the method of King and Armstrong (11) 
as modified by Wiese et al. (12) for blood plasma. The pH of a number of ejaculates 
was determined before and after incubation for one hour at 37°C. with a glass elec- 
trode Beckman pH meter, spermatozoa concentrations were determined by direct 
counting with a cytometer, and the initial motility of spermatozoa was estimated 
at 100° F. in a constant temperature stage incubator. Ejaculates were taken as long 
as hbido persisted and each series was obtained within a 30-minute period. Although 

Table i. Composition of concentrate mixtures 


INGREDIENTS 

GROUP I 
% 

GROUP II 
% 

INGREDIENTS 

GROUP I GROUP 11 
% • %■ 

Ground yellow corn . . . 

• ■ ■ 54-0 

10. 0 

Dehydrated alfalfa .... 

10.0 

Beet pulp 

... 25.0 


Limestone 

2,0 

Corn gluten meal 

... 10. 0 


Iodized salt 

... 1 .0 1 .0 

Cane molasses 

... 10. 0 

10. 0 

Bone meal 

.7 

Linseed meal 


.12.0 

Brewers yeast 

1 .95 

Soybean meal 


17.0 

Mineral salt mixture* . . 

... .1 

Crushed oats 


25-0 

Fish liver oiF 

. 2 

Wheat bran 


10. 0 

Irradiated yeast® 

.05 


1 Mineral salt mixture consisted of: MnSOiMHsO, 50%; FeS04'7H:0, 44-5%; CuSOi-sHsO, 
S.0%; and Co(N03)5-6H.O, 0.5%. 

^ Fish liver oil containing 15,000 I.U. or more of vitamin A per gram. 

^ Irradiated yeast containing 9000 U.S.P. units of vitamin D per gram. 


Table 2. Analysis of feeds on dry matter basis and supplements <sdded to complex 

CONCENTRATE MIXTURE 


TEED MIXTURE 

i TOTAL 

Iprotein 

ETHER 

EX- 

TRACT 

CRUDE ] 
ITBCR 

ASH ! 

Ca 

! 

V 

Mn 

j supplement added per IB. PEED 

Fc 

Cu 

Co ! 

Vit.A 

Vit. D 

Group I 

Group II 

Hay 

% 

12-33 

20.51 

7.0s 

1 

1 

2.34 

4.80 

2.07 

i 

Cf 

1 

8.42 

10.84 

39-58 

% 

4-35 

8.28 

4-87 

% 

-38 

1 .18 

.29 

% i 

.22 

.64 

.21 

/O 

.0045 

.0207] 

.0028; 

ingnt . 

0 

40 

0 

mgm . 

0 

6 

0 

ingtn . 

0.00 

0.45 

0.00 

I. u. 

0 

13,620 

0 

U . S . P . 

units 

0 

3 7 043 

0 


semen had been taken from these bulls at heai'y rates previously, no attempt had 
been made to obtain semen during a period of 3.5 months prior to this experiment. 

The 10 bulls used in this study constituted two feed groups described earlier (8). 
Group I received a simple unsupplemented concentrate mixture, and group II a 
complex concentrate mixture supplemented with minerals and vitamins (tables i and 
2). Both groups received the same average grade hay (table 2). 

RESULTS 

Levels of phosphatases in bull semen. Some representative data obtained in 
this experiment are presented in table 3. Although considerable variation was found 
in both the alkaline and acid phosphatase levels of the ejaculates of an individual bull 
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and between the ejaculates of different bulls, it is significant tha,t the activity of 
phosphatase in all but two cases w^as greater at pH 9.3 than at pH 5.0. The average 
levels in 56 ejaculates obtained from both groups of bulls were 393 and 170 units of 
alkaline and acid phosphatase, respectively, per 100 ml. semen. The relationship 
between the levels of acid and alkaline phosphatase w^as not significant. No definite 
pattern of phosphatase concentration accompanied the sequence of ejaculates; how- 
ever, each of the first few ejaculates generally contained much more acid phosphatase 
than the last ejaculate taken. This phenomenon was concomitant with a decrease 
in spermatozoa concentration at or near the end of a series of ejaculates. In most 
cases, the level of alkaline phosphatase was maintained more uniformity throughout 


Table 3. Representative data on three series op ejaculates obtained consecutively 


BULL & GROUP 
NO. 

EJACULATE 

NO. 

PHOSPHATASES 

SPERit. 

CONC. 

INITIAL 

MOTILITV 

SEIIEN 

VOLUME 

pH 

Alkaline 

Acid 

Initial 

Decrease 

upon 

incubation 



unit! I 

00 ml. 

j 

% i 

, ikI. 

1 

! 1 


6—1 

I 

438.6 

221.7 

1-544 

97 

1 . 2 




2 

253.4 

224.7 

1.728 

100 

5.8 

6.42 

-41 


3 j 

266.8 

II9.0 

.689 

60 

6.0 

6.69 

■.19 


4 i 

228.8 

47.4 

.178 

50 

1.9 




5 

269.6 

103.6 

.656 

57 

6.5 

6-59 

•13 


6 

134.9 

69.6 

1 

-056 

0 

•9 



9-1 

I 

300.9 

203.7 

1.565 

73 

5*5 

6.35 

.42 


2 

375-3 

166. 1 

•965 

55 

6.0 

6.70 

■58 


3 

373. t 

161.2 

•905 

65 

5-9 

6.40 

•23 


• 4 

342.7 

158.0 

1-105 

74 

3-8 




5 

301.8 

113.8 

.765 

70 

7-6 

6.66 

•23 


6 

343-9 

94.4 

.380 

18 

5.5 



13-n 

I 

743-9 

255.9 

I.41I 

78 

5-0 




2 

172.0 1 

338.3 

2.217 

97 

5-7 

6.41 

.61 


3 

3458.7 

189.3 

.678 

55 

4-5 




4 

541.9 

205.0 

•756 

73 

4.8 




s 

729.1 

133-7 

.048 

20 

3-3 




a series of ejaculates than was that of acid phosphatase (table 3, bull g). In a few 
cases, such as that demonstrated in table 3 by the data for bull 13, greatly different 
levels of alkaline phosphatase were found within an ejaculate series. 

Relationship of level of phosphatases to semen characteristics. No significant 
relationship of the content of semen alkaline phosphatase to the concentration of 
spermatozoa, initial motility, initial pH, change in pH upon incubation or volume 
of semen was found (table 4). The acid enzyme, however, showed some degree of 
relationship to these characteristics, as is indicated by the coefficients of correlation 
m tab e 4. Of these the highest degree of relationship was found between the semen 
acid phosphatase level and the concentration of spermatozoa. Figure 1 demonstrates 
the apparent dependence of the semen acid phosphatase level upon the concentration 
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Relalionship of diet to semen phosphatases. A striking dietary influence upon the 
semen level of alkaline and acid phosphatase was observed (table 5). Although 
the level of acid phosphatase in both groups was dependent upon the concentration 
of spermatozoa, the enzjrae was significantly higher per unit concentration of sperma- 
tozoa in the semen of bulls consuming the complex concentrate mixture than in that- 
of bulls receiving the simple ration (table 6 and fig. 1). Tables 4 and 6 show that the 
cooefficient of correlation is higher between the acid phosphatase level and the 
spermatozoa concentration of the ejaculates of the individual groups than for all 
animals. Calculation of the regression of spermatozoa concentration on the acid 


Table 4. RELATiONSHn* between semen phosphatases and characteristics of the seiIen of 

BULLS ON BOTH RATIONS 


SEMEN CHAEACTESISnCS 

NO. CASES 

SEMEN PHOSPHATAS 

Acid 

£S 

Alkaline 

Correlation 

coeff. 

Std. error 

Correlation 

coeff. 

Spermatozoa cone 

56 

.771I 

±.055 

.047 

Initial motility 

56 

■514' 

±.100 

.062 

Semen volume 

56 

•333' 

±.I2I 

.008 

Initial pH 

24 

-•336 

±.189 

.340 

pH change on incubation 

24 

.458= 

i . 168 

.077 


1 Significant at 1% level of probability. * Significant at 5% level of probability. 


Table 5. Mean group semen characteristics 


GROUP 

1 

NO. OP 
BULLS 

NO. OF 
EJACU- 
LATES 1 

PHOSPHATASE 

SPERM 

CONC. 

INITIAL 

ilOTILITY 

SEMEN 

VOLUME 

pH 

Alkaline 

Acid 



Decrease on 
incubation 






% 

mh ■ 




I 

5 

28 

307-3 

141.9 

•739 

48 

4.8 

13 

6.66 

-25 

n 

5 

28 

477-6 

198.2 

-738 

S 6 

5-2 

II 1 

6.68 

- 3 ?- 

Significance of 

differ- 






■ 



ence between 

group 









means 


j n.s. 

1 

n.s. 

n.s. 


■ 

n.s. 

n.s. 


1 Significant at 1% level of probability. - Significant at s% level. n.s., not significant. 


phosphatase level for each group indicated a straight line relationship and gave almost 
parallel regression lines for the two groups ffig. i). 

It will be noted in table 6 that significant coefficients of correlation existed 
between the acid phosphatase level and the initial motility, volume, initial pH and the 
fall in pH subsequent to incubation of semen from group II bulls. The same 
correlations for the semen of group I bulls were not mathematically significant. 

DISCUSSION 

The results of this study in which it was shown that the semen of the male bovine 
contains appreciably greater quantities of alkaline phosphatase than of the acid 
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enzyme aie in contrast to the finding of Gutman and Gutman (6) which Pointe out 
tSie seminal fluid of man contains very large amounts of acid phosphatase and 



Fig. I. Regression lines of spermatozoa concentration on the semen acid phosphatase leve 
of both groups of bulls. Line I, calculated for group I by the equation: Y = gs.SsX + 71.07. Line 
n, calculated for group II by the equation: Y = 81.96X + i37'7i- A- line eqvudistant from lines 
I and II would represent the relationship for all ejaculates. 


Table 6. Relationships of semen characteristics to semen acid phosphatase levels of 


EACH GROtTP 


SEMEN CHARACTERISTICS 

GROUP I 

GROUP H 

No. of 
ejaculates 

Correlation 

coc 5 . 

Std. error 

No. of 
ejaculates 

Correlation 

coeff. 

Std. error 

Spermatozoa cone 

28 

.902' 

.035 

28 

.876' 

.046 

Initial motility 

28 

•372 

.169 

28 

•675* 

.107 

Semen volume 

28 

.241 

.185 

28 

.458= 

•ISS 

Initial pH 

13 

— .276 

.279 

II 

— . 606- 

.211 ' 

Decrease in pH upon incubation . . 

13 

,ior 

.298 

II 

.688= 

.176 


^ Significant at 1% level of probability. ^ Significant at 5% level of probability. 


practically devoid of alkaline phosphatase. Since the function of acid phosphatase 
in semen has not yet been determined, it is not known whether or not this difference 
is associated with differences in the metabolism of spermatozoa and general repro- 
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dictive physiology of these two species. The metabolic requirements of tlie sper- 
matoza of various species are. known to differ, as is indicated by the effects of glycolysis 
inhibitors (9, 13-16) and oxidative processes (9, 17) on the motility of spermatozoa 
and by the variety of substrates capable of furnishing energy to spermatozoa (14, 15, 
17-19). Some physiologic significance of the high level of alkaline phosphatase in 
bull semen seems probable on a basis similar to that suggested by Gutman el al. 
(S) 4, 6, 7) for the possible function of the high acid phosphatase of human semen. 

Assuming that acid phosphatase has its origin in the prostate gland (20), the 
relatively small amount of acid phosphatase in the semen of the bull would indicate 
that the prostatic secretion comprises a small proportion of the ejaculate or that the 
secretion contains a low level of acid phosphatase. In view of the work of Wolberg 
and Pany (5), which showed that the bovine prostate gland contains only small 
quantities of this enzyme, the latter appears more likely. According to the conten- 
tion of Gutman and Gutman (6) that the acid phosphatase originates in the prostate 
gland and is not secreted in appreciable amounts by other glands of the male genital 
tract (20), our data would seem to suggest that this gland participates to about the 
same extent in each of the first several ejaculates of a series obtained consecutively. 
On this basis, the marked drop in the acid phosphatase level of the semen obtained 
at or near tire end of a series of ejaculates would seem to indicate also that the 
prostatic secretion is being progressively depleted. From our data this does not 
necessaril}’- appear to be true. Because of the high correlation between the acid 
phosphatase level and the concentration of spermatozoa in bull semen, it appears more 
likely that the decline in acid phosphatase near the end of a series of ejaculates is 
associated with the correspondingly low spennatozoa concentration. It is not clear 
whether or not the spermatozoa secrete the enz}Tne, merely adsorb and transport it, 
or whether by nature the prostate gland contributes less when semen contains low 
spermatozoa numbers. 

It was previously reported that a high correlation is found between the decline 
in the alkaline phosphatase of plasma and the increase in the number of spermatozoa 
ejaculated by bulls (8). The results of the present study showing a high level of 
alkaline phosphatase in semen would appear to amplif}'^ the supposition that the 
blood is the immediate origin of semen alkaline phosphatase and that the level of the 
enzyme is maintained in semen at the expense of the blood level. 

Although the levels of acid and alkaline phosphatase were markedly higher in 
the semen of bulls receiving the complex feed than in that of bulls consuming the 
simple ration, the dietary factors involved were not ascertainable because of the 
design of this experiment. The complex concentrate mixture, however, provided 
3.62 grams more Ca, 1.91 grams more P, 40 mgm. more Fe, 74 mgm. more Mn, 6 
mgm. more Cu, 0.45 mgm. more Co, 37.10 grams more protein, 11.16 grams more fat, 
13,620 I.U. more vitamin A and 2,043 U.S.P. units more of vitamin D per pound 
than was supplied in the same amount of the simple concentrate feed. The role of 
nutrition in the fertilit}'' of bulls has not been studied to any great extent. On the 
basis of the data presented here, the possible value of complex concentrate feeds in 
improving semen qualit}^ nia}^, at least, partly depend upon the significance desig- 
nated to the semen phosphatases of this species. 

When all of the ejaculates from both groups was considered, the acid phos- 
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phatase level of semen showed varying degrees of relationship to spermatozoa func- 
tions and was directly correspondent with the concentration of spermatozoa, whereas 
no appreciable correlation existed between the characteristics of semen studied and 
the alkaline phosphatase content. When the relationships between the acid phos- 
phatase level and the characteristics of semen were analyzed for each group sepa- 
rately, significant correlations were found between the acid enzyme level and the 
initial motility, volume, initial pH and the decline in pH upon incubation of semen 
from Group II. No significant correlation existed between, the acid phosphatase 
concentration and these characteristics of the semen of grojip I bulls. These data, 
however, do not designate the significance of acid phosphatase in bull semen, al- 
though they do suggest that the level of acid phosphatase may be a valuable criterion 
of semen quality. 

SUMMARY 

1. The mean level of alkaline phosphatase was considerably higher than that o^ 
the acid phosphatase, with an average concentration of 393 (range 97 to 3459) units 
as compared to r7o (range 46 to 338) units of the latter per 100 ml. of bull semen. 

2. The levels of both acid and alkaline phosphatase in the semen of bulls fed a 
complex concentrate mixture were markedly elevated above that of the semen from 
bulls receiving a simple concentrate mixture. 

3. A high degree of relationship existed between the semen acid phosphatase level 
and the concentration of spermatozoa in the semen of both groups. Although the 
characteristics of semen from bulls receiving the complex feed showed a high cor- 
relation with the acid phosphatase level, no appreciable association of these character- 
istics with this enzyme’s level was found in the semen produced by bulls receiving the 
simple ration. Also, there was no apparent relationship of the level of alkaline 
phosphatase in semen to any of the characteristics of semen studied. 
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DOSES OF HISTAMINE PRODUCING MINIMAL AND 
MAXIMAL GASTRIC SECRETORY RESPONSES 
IN DOG AND MAN 

M. E. HANSON, M. L GROSSMAN and A. C. IVY 

From the Department of Clinical Science, University of Illinois College of Medicine 

CHICAGO, n-IJNOIS 

^ H ^HE presence in the animal body of an agent which produces pharmacological 

I actions as marked as are those of histamine raises the question whether 
JL this substance may have some function in normal physiological processes. 
This study of the gastric secretory response to histamine has been undertaken with 
the hope that the results obtained will be of value toward a solution of that question. 

THE PROBLEM 

Little work has been done to determine the relation of the amount of gastric gland secretion to 
the size of the dose of histamine injected. Rothlin and Gundlach (3) found some correlation between 
the amount of histamine injected subcutaneously and the volume of gastric juice response; they ob- 
tained no response to single intravenous injections. Ivy and Javois (4) noted that intravenous in- 
jection of one microgram of histamine base per kilo body weight per minute stimulated gastric secre- 
tion in a Pavlov pouch dog without causing peripheral vasodilation. Emmelin (s) reports a minimal 
secretory response in two Pavlov pouch dogs given 0.3 pg/kgm/min. intravenously. 

Obrink (6) observed the rate of secretion produced in a Heidenhain pouch dog by different 
rates of intravenous administration of histamine injected continuously. He observed a secretory 
response to 0.05 pg. histamine base per kgm. per minute, and found that the dose producing a maximal 
response was about 1.7 ng- base/kgm/min. He constructed a dose-response curve and extended it 
thru the origin, concluding that there was no threshold dose of histamine. 

McElin and Horton (7) incidentally noted in humans that 0.03 ;ig/kgm/min. intravenously 
would stimulate secretion but they felt that such a dose might not be a minimal one. 

In the experiments reported here we have studied the gastric secretory response 
in dogs during repeated subcutaneous and continuous intravenous injection of 
histamine and in man during continuous intravenous injection. Our purpose was 
to determine the minimal and maximal effective doses of histamine and to observe 
the characteristics of the response of the gastric glands to this drug. 

PROCEDURE 

Dog. One series of experiments was performed on intact dogs some of which 
were trained; other experiments were on trained dogs which had been operated upon 
several months previously to produce vagally denervated total stomach pouches. 

In the intact dogs gastric juice was collected by continuous aspiration through 
a Rehfuss tube inserted into the stomach. Gastric juice was collected from the dogs 
with a gastric pouch by the usual method. All dogs were fasted for at least 12 hours 
before the experiment, and, after insertion of the Rehfuss tube, the stomachs of 
intact dogs were lavaged with lukewarm water to remove any residuum. 

Received for publication March 8, 1948. 
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Gastric juice was collected for a control period of one or more hours to determine 
the basal secretory rate. Samples were separated at intervals of five minutes or 
more depending upon the volume of secretion. During the control period this 
volume was usually so small that quantities of juice sufficient for titration were ob- 
tained only with longer sample periods. The volume of juice collected was recorded; 
and its free and total acidity was determined by titration of 2 cc. samples with N/40 
NaOH, using Topfer’s reagent and phenolphthalein as indicators. 

Histamine dihydrochloride' was administered to dogs either subcutaneously 
at lo-minute intervals or by intravenous drip continuously. Measured quantities 
of the solid dihyrochloride crystals, dehydrated in a desiccator, were dissolved in a 
0.9 per cent NaCl solution just before each experiment. Concentrations of solutions 
for subcutaiieous injection ranged from 0.02 to 0.18 mgm. base per cc. for different 
animals tested and the volumes injected varied from 0.05 cc. to 6.5 cc. per 10 minutes. 
With the larger volumes, the dose was divided and injected into separate sites to 
insure rapid absorption. Intravenous injections were made tlrrough a needle inserted 
into the foreleg vein of the dog, or, in some instances, via plastic tubing inserted into 
the jugular vein. The concentrations of solutions for intravenous injection ranged 
from 0.0002 to 0.002 mgm. base per cc., and rates of administration varied from 5 
to over 600 cc. per hour. The rate of injection was controlled by observation of the 
drop rate in a calibrated drop-counting chamber. 

Man. Experiments on humans were conducted in much the same maimer as 
those on dogs. Subjects fasted for 12 hours before the experiment. A Rehfuss 
tube was inserted and after gastric lavage with water continuous aspiration of gastric 
juice was made, using a large syringe. Following a control period, histamine di- 
hydrochloride was administered by continuous intravenous drip through a needle 
into a forearm vein. Solution concentrations for different subjects ranged from 
0.0001 to 0.002 mgm. base per cc., and rates of injection varied from 10 to 550 cc. 
per hour. 

In some experiments on humans, measurements of forehead temperatures were 
taken at intervals with a skin thermometer. Dogs and particularly humans were 
observed for side effects such as flushing, headache or nausea. 

The general procedure for determination of the response to various doses of 
histamine was as follows. Administration of histamine was started, giving amounts 
known from earlier experiments to be in the range of the lowest effective doses. The 
dose was then increased by a factor of two when no response occurred to a subminimal 
dose within one hour or when no further increase in response occurred with the lower 
dose. 

When the secretory volume was low, a response to histamine produced a rise 
in the acid concentration of gastric juice sometimes without significantly changing 
the volume rate of secretion. Also the volumes of collection samples varied con- 
siderably at times, perhaps due to irregular contractions of the gastric pouches or to 

histamine used in these studies was generously supplied by the Hoffman- 
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occasional incomplete aspiration of juice in intact dogs and man. For these reasons, 
in most instances we used the increase in acid concentration as an index of a response 
to histamine. 

Determination of the minimal and maximal responses was somewhat arbitrary. 
A rise in gastric juice acidity of 10 or more mEq. HCl per liter over basal levels was 
termed a minimal response to histamine, and the dose producing that response, a 
minimal or threshold dose. A maximal response was assumed when no or only an 
insignificant increase Hess than 2 or 3 mEq. HCl per liter) in acid concentration was 
observed to a dose of histamine twice as great as one which had produced a response. 

RESULTS 

Dog. Control levels of gastric secretion were very low in the pouch dogs. Often 
there was no free acid in the gastric juice and the total acid concentration was less 
than 25 mEq. HCl per liter in all but one dog, the average for all 7 dogs being 13 
mEq. per liter. The rate of secretion was usually less than 5 cc. per hour (table 2). 
In response to large doses of histamine, the total acidity rose to as high as T55 mEq. 
of HCl per liter, averaging about 140, and the volume rate increased to values aver- 
aging over 70 cc. per hour (table 3). 

Generally the basal acidity and rate of secretion was higher in the intact dogs 
than in the pouch dogs (table 4), but the responses to large doses of histamine were 
similiar in the two types of dogs, whether the histamine was administered sub- 
cutaneously or intravenously (table 5). 

This indicates that the larger volumes of solution injected by the intravenous 
method did not affect the rate of gastric secretion, nor would such be expected, since 
the higher volume rates were not injected for more than 20 or 30 minutes. 

A. Pouch dogs given histamine subcutaneously at io-minute intervals. 
The method of determination of the minimal and maximal effective doses of histamine 
can be shown by the description of an experiment on the vagally denervated total 
pouch dog no. 2, in which histamine was injected subcutaneously at lo-minute in- 
tervals (fig. i). 

After a control period of 1,5 hours, drug administration was begun. Every 10 
minutes 0.25 ^g. of histamine base" was injected, an equivalent of 0.025 /zg/kgm/min., 
assuming that all the 0.25 /ig. was absorbed within each lo-minute period. 

Within 35 minutes after starting tire drug, total acidity rose from 3 to 16 mEq. 
HCl per liter. The volume increase was negligible. Although it would have been 
more desirable to start with a subminimal dose, the response in this case was small 
enough so that we may say with some certainty that the histamine dose producing a 
minimal response in this dog was in the range of 0.025 /^g/kgm/min. 

Very soon the response began to decrease and after 70 minutes the dose was 
doubled to equal 0.05 jLig/kgm/min., after which a further increase in acidity and 
secretory rate occurred. In a similar manner the dog was given successively larger 
doses of histamine at intervals determined by the response. The acid response to 
a dose of 3.2 ;ug/kgm/min. was no greater than that observed with a dose of 1.6 }xg. 


- .All doses are given in terms of histamine base. 
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and so it was established that the dose of histamine producing a maximal response in 
pouch dog no. 2 for this experiment was about 1.6 ;ig./kgm/min. 

The minimal effective dose of histamine injected subcutaneously every 10 
minutes was determined for 7 pouch dogs. Reference to tables i and 2 will show that 
this minimal dose ranged from 0.02 to 0.09 /ig/kgm/min., the average being 0.03. 

The maximal effective dose of histamine injected subcutaneously every 10 
minutes, as determined by the acid concentration, was found to range in seven dogs 
from 0.32 to 1.6 jag/kgm/min.; the average was 0.75 jug/kgm/min. (tables i and 3A). 

Analysis of the data revealed that in some cases the volume rate of secretion 
was still increasing to doses which produced no furtlier significant increase in acid 
concentration. This was to be expected, since Gray (8) has shown that the relation 
of acid concentration to the rate of secretion is h5T3erbolic, and arbitrarily we have 



Fig. I. Gastric response of total pouch dog (^8) to subcutaneous histamine 


considered a response to be maximal when doubling a dose of histamine did not in- 
crease the acid concentration by more than 2 or 3 mEq. HCl per liter. The acid out- 
put is a better criterion of the parietal cell response to histamine, and therefore the 
dose producing the maximal acid output in mEq. HCl per hour was also determined. 

The maximal subcutaneous dose for pouch dogs in terms of acid output was ob- 
tained in 7 dogs. It ranged from 0.38 to 1.6 /ig/kgm/min., witli an average of r.o 
(tables I and 3B).^ This average dose is somewhat greater than that determined by 
measure of the acid concentration, although in some dogs there was no difference in 
the dose using the two criteria of maximal response. 

B. Pouch dogs crniN continuous intravenous histaiiine. The minimal 
effective intravenous dose was determined in 5 pouch dogs. It ranged from 0.02 

0 0.0 micrograms per kilogram per minute, the average value being 0.045 (tables 

1 and 2). These values compare with the average threshold dose of 0.0^ ug/k^m/ 
mm. by the subcutaneous method of histamine injection into pouch dogs, and it is 
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unlikely that the difference between the subcutaneous and intravenous minimal ef- 
fective dose is significant. 

The maximal dose of continuous intravenous histamine with respect to the acid 
concentration of gastric juice was found in 6 pouch dogs to range from 0.16 to 2.6 

Table i 

A. Histamine dose tor minimal gastric response in vagally-denervated total-pouch dogs 

AND IN intact DOGS 

{micrograms histamine base per kilogram per minute) 


POUCH DOGS 

INTACT DOGS 

Dog No. 

S.C.i 

1.V.2 

Dog no. 

s.c. 

I.V. 

I 

■n 


IX-12 

0.04 


2 


0.04 

IX-IS 

0.02 


4 

0.02 

0.02 

IX-16 

0.02 


5 

0.02 


IX-17 

0.04 


7 

0.09 


IX-14 

j 

0.02 

9 

0.02 

0.044 

IX-31 


0.07 

II 

0.02 


IX-31 


0.02 

12 


0.08 

IX -33 


0 

b 

00 

13 


0.04 

IX -33 


0.04 

Average 

0.03 

0.04s 


0.03 

0.045 


B. Histamine dose for maximal gastric response (acid concentration and rate of acid 
output) in vagally denervated total pouch dogs and in intact dogs 


pouch dogs 


INTACT DOCS 


Subcutaneous injection 

Intravenous inj'ection 

Subcutaneous inj'ection 

Intravenous inj'ection 

Dog no. 

Acid 

cone . 

Acid 

Output 

Dog 

no. 

Acid 

cone. 

Acid 

output 

Dog no. 

Acid 

cone. 

Acid 

output 

Dog no. 

Acid 

cone. 

Acid 

output 

I 

1 . 2 

1.2 

I 

0.4 

1,6 

1X-12 

0.62 

1.2 

IX-2 

1.4 

2.8 

2 

1.6 

1.6 

2 

2.6 

2.6 

IX-IS 

0.32 

0.64 

IX-6 

2.7 

2.7 

4 

0.38 

0.38 

4 

0.16 

0.64 

IX-16 

0.64 

0.64 

IX-19 

1.6 

3-2 

4 

0.32 

0.64 

8 

0.64 

1.3 

IX-17 

1.3 

1-3 

IX-21 

1.6 

1.6 

5 

0.67 

1-3 

9 

0.17 

0.32 







7 

0-73 

1-5 

II 

0.64 

1.3 







9 

0.32 

0.64 










Average.. . 

0.7s 

1 .0 


0.77 

1.3 


0.72 

0.94 


1.8 

2.6 


^ Subcutaneous. - Intravenous. 


/ig/kgm/min., the average being 0.77 /ig. The range of maximal doses was somewhat 
greater by intravenous injection than by subcutaneous injection, but the average 
dose by the two methods was the same (tables i and 3A). The maximal dose in 
terms of hourly output of HCl ranged in the 6 pouch dogs from 0.32 to 2.6 pg/kgm/ 
min. The average dose was 1.3 ;ag/kgm/min., nearly twice the average maximal 
dose determined by a measure of the acid concentration (tables i and 3B). 
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C. Intact dogs given subcutaneous histamine at io-minute intervals. 
The minimal effective subcutaneous dose for intact dogs ranged from 0.02 to 0.04 

jug/kgm/min. in 4 dogs, 0.03 being the average (tables i and 4). 

The maximal effective dose in intact dogs by subcutaneous injection, using acid 
concentration as an indication of response, ranged from 0.32 to 1.3 
4 dogs, with an average of 0.72 pg. (tables i and sA). Doses producing maximal acid 
output in these 4 dogs ranged from 0.64 to 1.3 Mg/hgm/min., averaging 0.94 MS-? ^ 
value not appreciably larger than that established using acid concentration as a 
criterion of response (tables i and 5B). 

Table 2. Histamine dose tor minimal gastric response in vagally denervated total 


POUCH dogs 




CONTROL 

SUBUINIMAL 

iHNIMAL 


EXP. 

NO. 

DOG. 

NO. 

mEq. HCl/1. 

Vol. 

Dosei j 

mEq. HCl/1. 

Vol. 

Dose* 

mEq. HCI/1. 

VOL. 



Free j Total 

Free | Total 

Free | Total 



Subcntaneous Injeclion 



1 



cc ,/ hr . 




cc ./ hr . 




cc ./ hr . 

I 

I 

IS 

22 

2 





0.037 

44 

6s 

7 



0 

3 




■i 


0.02s 

8 

16 

8 



s 

2 2 


O.OI 

6 


4 

0.02 

35 

57 

7 



0 

3 




H 


0.02 

3 

IS 

S 



0 

14 


0.046 

5 


6 

0.09 

27 

33 

8 



0 

s 






0.02 

18 

3S 

8 


mi 

8 

17 

Bb 

O.OI 

8 

18 

5 

0.02 

22 

34 

6 

Average. . . . 

■ 

12 

3 

0.02 2 

6 

20 

S 

0-033 


36 

7 


Intravenous Injection 


I 

2 

n 

20 

3 

0.02 

s 

14 

3 

0.04 

29 

46 

7 

2 

4 


8 

7 





0.02 


41 

S 

3 

9 

mm 

10 

I 

0.026 

0 

16 

4 

0.044 


82 

II 

4 

12 


3 

2 

0.04 

0 

5 

1.4 

0.08 


79 

16 

s 

13 

■1 

26 

1.6 

0,02 

2 

18 

2 

0.04 


27 

4 

Average 

2 

13 

3 

0.026 

2 

13 

3 

0.045 

35 

SS 

9 


1 Micrograms of histamine base per kilogram per minute. 


D. Intact dogs given continuous intravenous histamine. The minimal 
effective intravenous dose ranged in the 6 intact dogs studied from 0.02 to 0.08 
Mg/kgm/min., averaging 0.045 (tables i and 4). This compares well with threshold 
dose values obtained by subcutaneous injection of intact dogs and either subcutaneous 
or intravenous injection of pouch dogs. From the data at hand it seems unlikely 
that there is any significant difference between the threshold dose for vagotomized 
total pouch dogs and that for intact dogs, nor does there appear to be any difference 
in the minimal dose whether histamine is administered subcutaneously at ten-minute 
intervals, or continuously by the intravenous method. 
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•The maximal effective dose of intravenous histamine was found in four intact 
dogs to range from 1.4 to 2.7 /xg/kgm/min. with an average of 1.8 (tables 1 and 5A). 
This value was obtained using the acid concentration as a criterion of response. 
The maximal intravenous dose in terms of total hourly acid output ranged from 1.6 
to 3.2 pg. in the four dogs, averaging 2.6 pg/kgm/min. -(tables i and 5B). 

The average maximal dose in intact dogs was about twice as large by intravenous 
injection as was the average maximal dose in pouch dogs by the same method. If 
this difference is significant it is difficult to explain. It may be tliat vagal impulses 


Table 3A. Histaiune dose for maximal gastric response (acid concentration) in vagally 

DENERVATED TOTAL POUCH DOGS 


1 

1 BELOW MAXIMAL 

maximal 

ABO\’E MAXIMAL 

NO^ { I mEq. HCl/1. 

Vol. 

Dose' 

mEq. HCl/1. 

Vol. 

Dose> 

mEq. HCl/1. 

1 i Free ( Total 

Free j Total 

Free 

Total 


Subcutaneous Injection 


I 

I 

1 

0-S9 

134 

i 

; 140 ! 

cc./Ar. 

59 

1 

1 1 

1 1 . 2 

139 

144 

ccjhr, 

64 

2.4 

139 

144 

ccjhr. 

62 

2 

2 

o.So 

142 

146 

75 

1 .6 

151 

155 

103 

3-2 

150 

154 

104 

3 

4 

o.ig 

144 

149 

47 

0.38 

149 1 

152 

55 

0.76 

141 

146 

57 

4 

4 

0.16 

I2I 

132 

50 

0.32 

133 j 

144 

70 

0.64 

131 

139 

So 

s 

5 

0-33 

iig 

124 

37 

i 0-67 

139 

141 

78 

1-3 

138 - 

141 

102 

6 

7 

0.36 

131 

135 

1 49 

: 0-73 

134 

1 140 

56 

1-5 

13 s 

140 

83 

7 

9 

0.16 

130 

137 

1 49 

1 0-32 

133 

139 

57 

0.64 

137 

141 

77 

Average. . . 

1 

0-38 ; 

I 0 't 

1 

138 

52 1 

i 

1 0-75 

140 



m 



81 


Intravenous Injection 


1 

I 

0 . 2 

128 

136 

30 

0.4 

2 

2 

1-3 

I2S 

131 

116 

2.6 

3 

4 

0.08 

122 

133 

26 

0.16 

4 

8 

0.32 

94 

114 

33 

0.64 

5 

9 

o.oS 

109 

121 

21 

0.17 

6 

II 

0.32 

T14 

120 

76 

0.64 

Average. . . 

0.38 

116 

126 

50 

0.77 


136 

144 

45 

0.8 

136 

144 

60 

128 

13s 

122 

4.0 

126 

132 

87 

128 

136 

21 

0.32 

117 

125 

69 

105 

121 

42 

1-3 

114 

124 

51 

124 

J34 

31 

0.32 

124 

131 

40 

135 

139 

nS 

1-3 

135 

139. 

162 

126 

132 

61 

1-3 

125 

133 

78 


* Micrograms of histamine base per kilogram per minute. 


caused by nausea to histamine, or enterogastric reflexes caused by acid entering the 
intestine, somewhat delayed the maximal response of the gastric glands to histamine 
in the intact dogs. However, subcutaneous maximal doses for intact dogs were no 
larger than those for pouch dogs. On the basis of the results of the present experi- 
ments, we are inclined to believe that this apparent difference is not a significant 
one. In future experiments to test this, the variation of the maximal doses of hista- 
mine in different dogs should be considered. 

Retching was observed in three pouch dogs with doses of 0.08, 3.2 and 4 Mg/ 
kgm/min. One intact dog became dj’^spneic to a dose of 0.32 ixg., and another intact 
dog showed marked flushing to the verj’’ large dose of 12.5 Mg/kgm/min. This dog 
was dazed at the completion of the experiment as were several others given large 
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doses of histamine. Another observation was an uneasiness in several dogs when 
the dose was increased. This sign may have been an expression of nausea or head- 
ache in the animals. 

Man. Measurement of the gastric acidity and secretory rates in humans during 
the control period revealed two definite groups. The subjects in one group secreted 
volumes of juice of around 30 cc. per hour containing about 20 mEq.’ HCl per liter, 
while in the other group rates of about 90 cc. per hour and acid concentrations averag- 
ing 85 mEq. HCl per liter were obser\'-ed to occur. 


Table 3B. Histamine dose foe maximal gasteic eeseonse (eate of acid ouxpirr) in 

VAGALLY DENEEVATED TOTAL POUCH DOGS 




1 BELOW LtAXIMAL 

JIAXIMAI. 

ABOVE MAXIMAL 

EXP, NO. 

DOG NO. 

Dose' 

Vol. 

mEq. 

HCI/hr. 

Dose* 

Vol. 

mEq. 

HCl/hr. 

Dose* 

Vol. 

mEq. 
HCl hr. 


Suhculaneotis Injeclion 





cc. hr. 



cc. hr. 


1 

; cc. hr. 


I 

1 ^ 

O.S 9 

59 

8-3 

1.2 

64 

9.2 

2.4 

^ 62 

8.9 

2 

i 2 

0.8 

75 

ir. 

1,6 

103 

16. 

3-2 

^ 104 

16.0 

3 

4 

0.19 

47 

7 - 

0.58 

55 

8.4 

0.76 

57 

8.3 

4 

4 

0.32 

70 

10. I 

0,64 

80 

1 

1.3 

84 

II -5 

s 

s 

0.67 

78 

II . 

1-3 

102 





6 

7 

0-73 

56 

7.8 

I-S 

83 





7 

9 


57 

7-9 

0.64 

77 

10.9 1 

1.3 

78 

10.9 

Average 

B 

63 

9. 

I.o 

81 

II .6 

1.8 

77 

II. I 


Intravenous Injection 


I 

I 

0.8 

60 

8.8 

1.6 

80 

1 10.6 


i' 


2 

2 

1-3 

116 

14.8 

2.6 

1 2 2 

16.4 

4.0 

87 

ii-S 

3 

4 

0.32 

69 

8.6 

0.64 

90 

11 .2 

1-3 

92 

II. 7 

4 

8 

0,64 

42 

5-1 

1-3 

51 

6.3 




5 

9 

0.17 

SI 

4-1 

0.32 

40 

5-2 




6 

II 

0.64 


16.4 

"" 1 

162 

22-5 

i 




Average 

0.65 

S3 

9.6 

1-3 

91 

12. 

2.6 

90 

II .6 


1 Micrograms of histamine base per kilogram per minute. 


Usually only small doses of histamine were given the human subjects, but when 
larger amounts were given, total acidity of 140 mEq. HCl per liter and secretory 
rates of over 250 cc. per hour were recorded. 

The minimal dose of continuous intravenous histamine which produced a gastric 
secretory response was determined in nine experiments on 6 human subjects. The 
results shown in table 6 range from 0.001 to 0.006 /zg/kgm/min. except for one subject, 
110. y , K. K., who had a high basal acidity and showed a response only with the much 
higher dose of 0.016 [xg/kgm/ min. The average minimal dose was 0.004 micrograms 

per kilogram per minute. Figure 2 shows the very definite response to 0.002 ug/ 
kgm/mm. 

There was apparently no difference in tlie minimal effective dose between sub- 
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Table 4 . Histamine dose eor minimal response in intact dogs 


1 


CONTEOL 

SUBUlNUtAL 

IflNIMAL 

EXP. NO. 

DOG NO. 

mEq. HCl/1. 

Vol. 

Dose’ 

mEq. HCl/1. 

Vol. 

! Dose’ 

mEq. HCl/1. 

Vol. 



Free j Total 

Free 

Total 

Free 

Total 


Subcutaneous Injection 


1 

2 

3 

4 

IX-12 

IX-is 

IX-16 

IX-17 

8S 

0 

0 

0 

95 

8 

8 

14 

cc ./ hr . 

25 

3 

7 

10 

0 

0 

8 

16 

cc . lhr . 

4 

0.04 

0.02 

0.02 

0.04 

112* 

16 

20 

128 

24 

34 ■ 
48 

cc . jhr . 

32 

6 

35 

5 

Average 

21 

31 

II 





0.03 

49 

58 

20 


Intravenous Injeciiom 


I 

IX-14 

35 

65 

II 





0.02 

90 

100 

21 

2 

IX-31 

82 

103 

3 

0.04 

II 

40 

15 

0.07 

I16 

124 

60 

3 

IX-31 

20 

40 

10 





0.02 

94 

105 

12 

4 

IX-33 

30 

62 

4 

0.04 

0 

16 

5 

0.08 

49 

68 

10 

5 

IX-33 

0 

5 

3 





0.04 

34 

64 

22 

6 

IX-34 

0 

34 

8 

0.02 

0 

22 

13 

0.04 

II4 

124 

■ 

36 

Average 

28 

52 

6 

0.03 

4 

26 

II 

0.045 

83 

98 

27 


‘ Micrograms of histamine base per kilogram per minute. 


Table 5 A. Histamine dose por maximal gastric response (acid concentration) in intact 


DOGS 


1 


BELOW MAXIMAL 

MAXIMAL 

ABOVE lIAXniAL 

EXP. NO. 

DOG NO. 

Dose’ 

mEq. HCI/1. 

Vol. 

Dose’ 

mEq. HCl/1. 



mEq. HCl./l. 

Vol. 



[ Free | Total 

Free | Total 

1 


Free 

Total 


Snhcntansous Injection 


1 

2 

3 

4 

rx-i2 

IX-15 

IX-16 

rX-17 

0.32 

0.16 

0.32 

0.64 

124 

124 

87 

105 

128 

128 

90 

112 

cc ./ hr , 

33 

47 

25 

39 

0.62 

0.32 

0.64 

1-3 

137 

132 

105 

141 

141 

136 

no 

144 

cc ./ hr . 

61 

91 

39 

81 

1.2 

0.64 

1-3 

138 

134 

no 

143 

138 

114 

cc ./ hr . 

74 

102 

38 

Average . . . 

0.36 

no 

114 

36 

0.72 

129 

133 

68 

I.O 

127 

132 

71 


hiiravenous Injection 


5 

6 

7 

8 

1 

IX-2 

IX-6 

IX-19 

IX-21 

1.4 

0.8 

132 

136 

136 

141 

91 

49 

1.4 

2.7 

1.6 

I,. 6 

133 

143 

136 

143 

iSp 

146 

144 

147 

77 

90 

90 

72 

2.8 

3-8 

3-2 

3-2 

137 

137 

131 

142 

I4I 

I4I 

143 

148 

88 

71 

102 

69 

Average ... 

1. 1 

134 

138 

70 

1.8 

129 

144 

82 

3-2 

137 

143 

82 


1 Micrograms of histamine base per kilogram per minute. 
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Histamine dose Eofe maximal gastric 

dogs) 


RESPONSE (rate OF ACID OUTPDT IN INTACT 




BELOW MAXIMAL 

MAXIMAL 

ABOVE MAXIMAL 

EXP. NO. 1 

DOG NO. 

Dose* 

Vol. 

i mEq. 
feCl/hr. 

TIT 

Dose' 

Vol. 

mEq. 

HCl/nr. 

1 

Dose' 

Vol. 

mEq. 

HCl/hr. 


sMi^taneous Injection 


1 

2 

3 

4 

IX-12 

IX-is 

IX-16 

IX-17 

0.62 

0.32 

0.32 

0.64 

cc./hr. 

61 

91 

25 

39 

v 

8.6 ’ 
12. 

2-3 

4.4 

■ ’ 1.2 
OC64, 
0.64 ■ 

1-3 i 

cc./hr. 

74 

102 

■ 3 >,, 

• 81’ 

10. 1 

13.2 
4.2 

11,7 

j 

1-3 

cc./hr. 

38 

4.1 

Average 

0.48 

54 

6.8 

' 0 .. 94 ' 

'v 

V =/74 ■ 

9.8 

t i 

1 



Intravenous Injectioi 


I 

IX-2 

1.4 , 

‘77 

9.8 

2.8 

88 . 

11,7 

5-6 

79 

10.7 

2 

rx-6 

1.4 

91 

10.8 

2 . 7 - - 

- -90 

- 12 .-S - 

-- 3 .-S 

71 

9.6 

3 

IX-19 

1.6 

90 

12.2 

3-2 

102 

14.2 




4 

IX-ai- 

; 

• 49 

6.9 


.72 . 

. I 0.-3 :■ 

.,, 3.-2 , 

"69 

10 . 

Average 

1-3 

77 

9.9 

2.6 

88 

12,2 

4.2 1 

73 

10 , I 


1 Micrograms of histamine base per kilogram per minute. 


Table 6. Intravenous histamine dose for minimal gastric response, headache and flush 

IN humans ; 


EXP. 

NO. 

SUBJECT 

CONTROL 

MINIMAL 

mEq. HCl/ 1 . 

Vol. 

Dose* 

mEq. HCl/ 1 . 

Vol. 

Headache 

Flilsh 

Free 

Total 

Free 

Total 





cc./hr. 







I 

M. G. 








0.04 

0.04 

2 

M. G. 

' 0 

15 

35 

0.002 

12 

29 

54 

0.008 


3 

1 M.G. 

1 0 

15 

48 

0,002 

19 

48 

58 

0.002 


4 1 

M.H. 

10 

31 

30 

0.006 

30 

54 

35 

0.08 

0.08 

5 

M.H. 

20 

25 

25 

0.002 

92 

99 

45 

0.002 


6 

M.H. 







0.002 


7 , 

K. K. 

75 

85 

65 

0.016 

85 

95 

80 

0.04 


8 

K.K. 

10 

30 

25 

0.002 

20 

40 

30 



9 

IF. 5 . 

60 

75 

60 

0,002 

105 

120 

60 


0.001 

10 

C.M. 

65 

75 

105 

0.001 

90 

100 

130 



II ' 

A.R. 

70 

80 

45 

0.004 

100 

no 

. 95 



12 

V. R. 









Ave 

irace 

34 

46 

49 

0.004 

61 

77 

65 

0,02 

0.047 



1 Micrograms of histamine base per kilogram per minute. 


jects ■with low and those with high basal acidity except in one case. Subject K. K, 
in one experiment had a low basal acidity and showed a gastric response to a dose 
of 0.002" /i_g/kgm/min. In another experiment when his basal acidity and volume 
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were Ihigh, he responded only to a dose of 0.016 jug/kgm/min. The explanation 
may be tlrat in the second experiment the subject was secreting at near maximal 
levels and was therefore less responsive to the lower doses of histamine. 



Fig. 2. Gastric response of human (M. H.) to intravenous histamine 



Fig. 3. Gastric response of human (M. H.) to intravenous histamine 

Table 6 shows the doses producing headache in nine experiments on 4 subjects. 
They ranged from 0.002 to 0.08 jug/kgm/min. It can be seen that there was con- 
siderable variation in the headache-producing dose in different subjects and in re- 
peated experiments on the same subject. Headaches sometimes occurred within a 
few minutes after a dose increase, but this was not always true. Headaches occurred 
in two subjects without a gastric secretory response and in two other experiments the 
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headache accompanied the gastric secretory response. Flushing occurred in four 
subjects to doses of o.ooi to o.o8 fig/kgm/min., and forehead temperatures rose from 
o.i to 1.6° C. in 8 of 9 subjects. 

No strict correlation between flushing, headache, forehead temperature and 
gastric secretion was apparent, except that a gastric secretory response preceded 
flushing or skin temperature rise and either preceded or accompanied a headache. 
In interpreting the relation of a gasliic response and headache, the possibility should 
be considered that fasting and a tube in the stomach may decrease the headache 
threshold. 

The maximal dose in humans was not determined. Gastric acidity and rate of 
secretion were still increasing in one subject given 0.18 /xg/kgm/min. In another 
subject it appeared that a maximal acid concentration was obtained with a dose of 
0.16 /rg/kgm/min. (fig. 3). A secretory rate of 285 cc. per hour occurred in this 
subject with a dose of 0.33 jug/kgm/min. but it is not certain that this was tire maxi- 
mal secretory rate. 

DISCUSSION 

The doses of histamine estabhshed as producing minimal and maximal gastric 
secretory responses in dogs and man are admittedly approximations, since the assign- 
ment of dosage for these responses was often arbitrary. As previously mentioned, 
an increase of 10 or more mEq. HCl per liter was assumed to be a minimal response. 
There was sometimes a latent period of one half hour or more after starting histamine 
until a response was observed, probably due either to a conditioning of the parietal 
cell to the increased plasma histamine concentration or to a gradual rise of the plasma 
histamine concentration to an effective level. It was noted that with near threshold 
doses of histamine the acid concentration after a temporary rise often tended to 
return to basal levels. The significance of this will be discussed later. Care was 
taken particularly with intact dogs and humans to prevent the confusion of a minimal 
response with spontaneous fluctuations in acidity or volume. It is possible that the 
average threshold dose may be slightly high, the accuracy of the measure of response 
being a limiting factor. 

Sunilarly, difficulty arose in the determination of maximal response doses which 
were assumed when doubling the histamine dose did not increase the aicidity by more 
than 2 or 3 mEq. HCl per liter, or the acid output by 5 per cent or more. Since 
supramaximal doses were not always determined with respect to rate of acid output, 
the average values for maximal doses may be low. However, we feel that a practical 
measure of the range of response of the gastric glands to histamine has been estab- 
lished in the dog and that the minimal dose has been shown for man. 

The similarity of the average threshold doses in vagotomized pouch and intact 
dogs by either subcutaneous or intravenous histamine injection has been pointed 
out; they are between 0.03 and 0.045 MS/kgm/min. 

The fact that the vagotomized pouch of the entire stomach and the intact 
stomach show essentially the same response to histamine indicates that vagotomy 
does not alter the response to histamine in the dog. It is now well estabhshed that 
vagotomy produces a marked depression in the response to histamine in human peptic 
ulcer patients (20). Unless peptic ulcer patients differ from normal subjects in 
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showing a decreased responsiveness to histamine after vagotomy, we must conclude' 
that vagotomy produces different effects in man and in the dog. 

The demonstration that injection of a certain amount of histamine into the 
subcutaneous tissue periodically is just as effective in stimulating gastric secretion as 
injection of the same amount of histamine intravenously indicates that no significant 
amount of inactivation of histamine occurs during its absorption from the subcutane- 
ous tissue into the bloodstream. 

It should be noted that the average threshold dose in the humans with intra- 
venous histamine, only 0.004 Mg/kgm/min., is about one-tenth that of the threshold 
dose for dogs. 

The extreme sensitivity of the parietal cell to histamine is of interest. Weiss, 
Robb and EUis (9) found that in ii human subjects flush occurred to continuous 
intravenous histamine doses of from 0.03 to o.i ng. base per kgm/min., the average 
being about 0.05. These values compare well with ours and show that the sensitivity 
of the parietal cell to histamine is much greater than that of the cutaneous facial 
vessels. They also found from responses to single intravenous doses of histamine 
that the cerebral vessels were about twice as sensitive as were • the facial vessels. 
Our average headache-producing doses, assuming that headaches are associated with 
cerebral vessel changes (10), confirm these findings on the relative sensitivity of the 
cerebral vessels. These doses are often larger than the doses producing the gastric 
secretory response. It appears therefore that the parietal cell response is the most 
sensitive to histamine of any in the intact body, equalled only in some cases by the 
response in the cerebral vessels. 

We have plotted for several pouch dogs the highest acid concentrations obtained 
in response to various doses of histamine as ordinates on a graph, with the log of the 
dose along the abscissa. An S-shaped curve was produced (fig. 4). 

The ratio of the average dose producing 16 per cent of maximal response (0.02 
jug/kgm/min.) to that producing an 84 per cent response (0.2 jug/kgm/min.) is one 
tenth, a considerably larger value than that for the same percentage range of effect 
by acetylcholine in slowing the heart of the eserinized cat, the ratio in this instance 
being one thirty-fifth (ii). It is an unsettled question whether the response to 
acetylcholine is of the graded or all-or-none type. The usual interpretation (ii) of 
an S-shaped curve such as in figure 8 is that the dose-response relationship is of an 
all-or-none nature, which, in the case of gastric secretion, means that there is no 
secretion by a parietal cell until an effective threshold of histamine is reached, but, 
then the cell secretes at its maximal rate. This curve represents then the variation 
in sensitivity to histamine within the parietal cell population. Variation in parietal 
cell sensitivity to histamine has been demonstrated in the isolated frog gastric 
mucosa. Acid secretory activity may occur in scattered gland pits while intervening 
glands are inactive, as determined by vital staining with neutral red (Grossman, 
M. I., unpublished data). 

It is not necessary to assume that the two clear-cut modes of response (graded 
and all-or-none) are mutually exclusive and we suggest that an increase in the 
secretory rate of the individual parietal ceU may occur, although variation in the 
parietal cell threshold to histamine is probably of greater importance in determining 
the characteristics of the response. 
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The manner in which histamine causes parietal secretion is of interest. • One 
conception of HCl secretion is that it is an alteration by the parietal ceU of plasma 
fluid which filters into and through the cell, and that the rate of secretion is deter- 
mined by the blood pressure and degree of dilatation of the capillaries. The secretory 
response to histamine might then be due to its vasodilating action on the capillaries 
in the gastric mucosa. It is true that secretion is dependent on an adequate blood 
supply and that filtration plays an important part in the secretory process. Never- 
theless it appears that histamine has some specific action on the parietal cell. The 
fact that Benadryl does not reduce the parietal cell response to histamine (12), al- 
though it reduces vasodilation, indicates such a specific action. A variation in the 
degree of vasodilatation over the dose range mentioned above to produce the in- 



Fig; 4. Gastric response of total pouch dogs to subcutaneous or intravenous histamine. 


creasing rates of secretion seems unlikely. Also there are many drugs which cause 
vasodilatation but do not afiect add secretion. It is likely tliat histamine causes 
acid secretion mainly by a direct effect oii the parietal cell. 

An incidental observation in our experiments is worthy of mention. Reference to 
figure I shows that after a maximal response to a given histamine dose, the acidity 
started to drop until a larger dose was given to produce a further increase in response. 
This dog apparently showed some ‘adaptation’ not only to the minimal dose but to 
all the doses until th e dose of i . 6 jug. was reached. This phenomenon that we refer to 
as adaptation’ was observed in some of the other pouch dogs and in some intact 
dogs and human subjects (fig. 3). The explanation of this phenomenon is not clear. 
In some instances in the intact dogs, the fluctuation in acidity was due to the entero- 
gastric regurgitation of bile-stained duodenal secretions. This could not occur in 
the pouch dogs. The decrease in acidity was sometimes associated with a rise in 
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volume, but in other cases the volume also decreased. This observation may be 
explained as a return of the capillary tonus to normal, thereby removing this partial 
effect on secretion. Emmelin (i) observed in anesthetized cats that if a histamine 
dose were increased slowly, the drop in blood pressure was small, and that witli a 
constant dose the blood pressure returned to normal. We have found that this 
adaptation to the secretory stimulation is not complete, since gastric analysis in 
dogs given histamine continuously for over two weeks revealed high acid concentra- 
tions in the gastric juice. 

A physiological role for histamine as a gastric secretory excitant 

If histamine functions as a physiological excitant for gastric secretion, it might 
act in one of two ways. It might be released into the blood stream and serve this 
function as a humoral agent, or it might be released in direct contact with the parietal 
cell and exert its effect locally. We will consider these possibilities in order. In 
1906, Edkins (13) reported that acid perfusion of the stomach remainder caused 
secretion of a dog’s gastric pouch, and he extracted from the pyloric,' mucosa a sub- 
stance which when injected intravenously produced a secretory response in the pouch. 
He concluded that this substance was a hormone for gastric secretion and he called 
it ‘gastrin’. Edkins’ evidence was inadequate for his conclusions, but subsequent 
experimentation has established that a hormonal mechanism does exist, although the 
nature of this humoral agent is not known (21). 

Sacks, I\y, Burgess and Van Dolah (14) demonstrated the presence of histamine 
in ‘gastrin’ preparatioirs. They noted that the vasodepressor and secretory proper- 
ties of the extract paralleled each other and that histaminase inactivated the prepara- 
tions. They concluded. that gastrin was histamine, or that there was no gastric 
hormone, or that it had not been isolated by the methods of preparation. Through 
a misinterpretation of these results, the identity of gastrin and histamine has been 
generally assumed in physiology textbooks. 

Komarov (15), Harper (16) and Uvnas (17), by somewhat different procedures, 
have made extracts of hog pyloric mucosa which stimulate gastric secretion when 
injected intravenously into the anesthetized cat but do not have vasodepressor 
properties, indicating that histamine, as such, is not the active principle. We have 
confirmed these observations on unanesthetized pouch dogs. Preparations are not 
always effective, and Uvnas found that cats often become partially refractory to the 
extract. However, it appears certain that there is a principle which is not histamine 
which can be extracted from the pyloric ihucosa and will stimulate gastric secretion 
when injected into cats or dogs. Whether this substance is the gastric hormone is 
not known. Furtlrer study of the problem is indicated. 

Sacks et al. (14) were unable to detect any difference in the vasodepressor and 
gastric secretory activity of blood extracts or dialysates collected during fasting and 
digestion. Macintosh (18) similarly could not detect any increase in blood histamine 
during digestion or vagal stimulation. No determinations of plasma histamine levels 
have been made under these conditions, but it is unlikely that they would show any 
increase, since Emmelin et al. (5) obtained detectable elevations of plasma histamine 
levels only with doses which produced marked physiological changes. They observed 
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that the plasma concentration had to be increased by about 25 per cent before it 
could be detected by Barsoum and Gaddum’s method of extraction. Unless we 
assume an accumulation of the drug at or in the parietal cell until effective concen- 
trations are obtained, it appears from tliese observations that if tire histamine nor- 
mally found in the plasma by investigators is in an active state, only a very slight 
increase in active plasma histamine concentration is necessary to activate the parietal 
cell. Present concepts of physiology and pharmacodynamics make this latter hy- 
potliesis unlikely. If physiological gastric secretion is due to an increase in active 
plasma histamine levels, we cannot expect to confirm this by the methods of hista- 
mine extraction presently in use. In otlier words, the parietal cell is far more sensi- 
tive to histamine than are the available methods for assajdng histamine in blood. 

A biological observation, namely, the incidence of headache in our experiments 
on humans, may be of significance. Those subjects who had headaches sometimes 
noticed them quite soon after a gastric response to histamine was observed. It is 
true that the headaches often occurred immediately after changing the dose as has 
been observed by Weiss cl al. (9) , but this was not always true. In five subjects head- 
aches occurred after doses of histamine considerably less than maximal. We there- 
fore ask this question; If the physiological response of the parietal cell is due to an 
increase in plasma histamine levels, why do we not frequently experience headache 
following the ingestion of food? 

It has been suggested that histamine may play a physiological role not as a 
humoral agent but as a local chemical mediator of stimuli for gastric secretion. 
Emmelin and Kahlson (2) report parietal secretions resulting from a number of 
different stimuli; e.g., sham feeding or vagal stimulation, acetylcholine, gastric 
secretory phase, eserine, gastrin and the drug Priscol all contain an amount of active 
histamine. The presence of histamine in gastric juice has been confirmed by Hallen- 
beck and co-workers (22). They conclude that histamine- may be the final link in 
the elaboration of parietal cell secretions. Consistent with this hypothesis are the 
findings that the histamine concentration in the stomach is high in the fundic por- 
tion (19), and histaminase is absent from the gastric mucosa. Emmelin and Kahlson 
suggest that histamine may be released in proximity to the parietal cell b}'' gastrin, 
and that as it diffuses through this cell stimulation of secretion occurs. No explana- 
tion has been offered of the mechanism by which active histamine may be released 
from the plasma or tissues to exert its effects on tire parietal cell. The evidence that 
histamine acts locally to stimulate gastric secretion during normal digestion is far 
from complete, and a conclusion of such a function must await more direct exireri- 
mental proof. 

In tire final analysis, no direct proof exists for the participation of histamine in 
the normal mechanisms for gastric secretion, either as a humoral agent or as a local 
chemica,! mediator. On the other hand, neither of these possibilities is disproven by 
the available evidence. ^ 




I. The histamine doses which produced minimal and maximal gastric secretorv 
responses m the dog were established, and the threshold value was obtained in tZ 
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human. The' minimal doses were similar in intact and in vagotomized total pouch 
dogs, whether histamine was administered by periodic subcutaneous or continuous 
intravenous injection. • Maximal doses were also similar in pouch and intact- dogs 
by either method of injection. These results indicate a) that vagotomy does not 
alter the gastric secretory response to histamine in the dog and b) that after sub- 
cutaneous injection no histamine is inactivated during its absorption from the sub- 
cutaneous tissues into the blood. 

2. The maximal secretory response that could be elicited by histamine was very 

similar in intact dogs and in dogs with vagally denervated pouches of tlie entire 
stomach. It amounted, on the average, to 80 cc. per hour with a total acid-concen- 
tration of 140 mEq. per hter. . ;• ■ ,'j 

3. - Humans are much more sensitive to histamine than dogs; acid responses were 

obtained -with an average dose of 0.004 Mg- per kgm/min. or about one tenth of 
the dose necessary to produce a minimal response in the dog. ; ' 

4. The parietal cell appears to be the most sensitive to histamine of any in', thfe 

intact body, although it is possible that this sensitivity may be equalled at times by 
that of the cerebral vessels. • ' ' 

5. The characteristics of the gastric response to histamine, the possible mode of 
action--by the drug to cause gastric secretion, and the evidence bearing upon the 
possible role of histamine as a physiological stimulant of gastric secretion -are, dis- 
cussed. 

I 
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EFFECT OF d-AMPHETAMINE ON GASTRIC HUNGER 
CONTRACTIONS AND FOOD INTAKE IN THE DOG 

W. SANGSTER, M. I. GROSSMAN and A. C. IVY 
From the Department of Clinical Science, University of Illinois College of Medicine 

CHICAGO, ILLINOIS 

O NE theory of the mode of action of d-amphetamine in reducing food intake 
is that the drug depresses gastric hunger contractions and thereby reduces 
• hunger sensations. This theory has recently been shown to be untenable 
because cutting of all the extrinsic nerves to the stomach, both sympathetic and 
parasympathetic, did not alter the depression of food intake produced by d-amphet- 
amine (i). This showed that the action of the drug could not depend upon an 
alteration in the sensations arriving from the stomach. 

Furthermore the evidence that d-amphetamine inhibits the gastric hunger contractions is 
inconclusive. Beyer and Meek (2) studied gastric motor activity in fasting dogs. They do not 
specify how many tests were made or how many dogs were observed, but they report that 30 mgm. 
of d-I amphetamine by stomach tube caused a preliminary increase in tone and motility 8 minutes 
after administration and a marked inhibition, even to cessation of motility some 40 minutes later. 
No other reports on the effect of amphetamine on the contractions of the empty stomach of the dog 
have been found. Kunstadter, Necheles and Weiner (3) studied gastric hunger motility in human 
subjects and concluded that significant inhibition of hunger contractions resulted from the introduc- 
tion of 10 mgm. of d-1 amphetamine sulfate into the stomach after a latent period of about 50 minutes. 
They present only one tracing in support of this statement and do not state how many tests were 
performed or what variability in response was encountered. 

Studies on the effect of amphetamine on the rate of gastric evacuation are in substantial agree- 
ment, showing that amphetamine causes the stomach to empty more slowly than normal (i) which 
suggests that the drug depresses the motor activity of the filled stomach. 

The present study was undertaken in order to determine the effect of small 
parenterally-administered doses of d-amphetamine upon the gastric hunger con- 
tractions and to correlate the effects upon gastric motility with the effects upon the 
amount of food ingested. 


METHODS 

I ntact dogs. Two normal dogs which had been used extensively for other studies 
on gastric hunger contractions were used in these studies. The hunger contractions 
were recorded by means of a balloon inflated with a small amount of air f 10 to 20 cc.) 
attached to a stomach tube which in turn was connected to a water manometer. 
The arm of the glass float of the manometer recorded upon a slowly moving kymo- 
graph drum. The dogs were trained to swallow the balloon and to lie quietly on the 
table without restraints during the recording of the contractions. 

^^^^diet of the dogs was standardized. To one box of dehydrated commercial 
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Table i. Effect of subcutaneously injected d-amphetamine on gastric contractions and 

FOOD INTAKE 


EXPT. 

NO.l 

StmSTANCE 

INJECTED 

1 

DOSE 

rOOD INTAKE 

TYPE OF HUNGER CONTRACTIONS OBSERVED , 

Control 

period 

Change after injection 

a. Jnlacldogs 




grams 



I 

Saline 

I cc. 

456 

II 

No change 

2 

Saline 

I cc. 

450 

II 

No change 

3 

Saline 

I cc. 

453 

II 

Change to type III 

4 

Saline 

I cc. 

451 

II 

No change 

5 

d-A= 

0.5 mgm. 

77 

I 

Depressed for 25 min. 

6 

cl-A= 

0.5 mgm. 

31 

II 

Reduced to tonus rhythm for last 






20 min. 

7 

d-A= 

1 .0 mgm. 

lOO 

II 

Depressed to tonus rhythm for 15 






min. 

8 

d-A= 

i.omgm. 

None 

II 

No change 

9 

d-A= 

1.5 mgm. 

20 

II 

No change 

10 

d-A2 

1. 5 mgm. 

250 

II 

Change to type I for 45 min., then 






back to II 

II 

d-A= 1 

2.0 mgm. 

None 

II 

Change to type I for 15 min. 

12 

' d-A2 

2.0 mgm. 

None 

II 

Change to type I for 15. min. 

13 

Saline 

I cc. 

447 

II 

Change to tj’pe III 

14 

Saline 

I cc. 

451 

II 

No change 

IS 

Saline 

I cc. 

443 

11 

No change 

16 

Saline 

I cc. 1 

453 

II 

No change 

17 

d-A 

0.5 mgm. 

450 

II 

No change 

18 


0.5 mgm. 

440 

II 

No change 

19 


1,0 mgm. 

430 

II 

Reduced to type I for 10 min. 

20 


1 .0 mgm. 

None 

II 

No change 

21 


1.5 mgm. 

None 

II 

No change 

22 

i 

1. 5 mgm. 

None 

II 

Reduced to type I for 20 min. 

23 


2.0 mgm. 1 

None 

II 

Reduced to tonus rhythm for 50 






min. 

24 


2.0 mgm. ' 

None 

II 

Reduced to tonus rhythm for 50 


1 

1 



min. 



b. 

Vagotomizcd total pouch dogs 

25 

Saline 

I cc. 

1 

3 

I 

No change 

26 

Saline 

I cc. 

3 

I 

Type II 

27 

Saline 

I cc. 

3 

I 

No change 

28 

Saline 

I cc. 

3 

I 

No change 

29 

Saline 

I cc. 

3 

I 

Change to type II 

30 

d-A 

5 mgm- 

None 

I 

No change 

31 

d-A 

S mgm- 

None 

I 

No change 

32 

d-A 

10 mgm. 

None 

II 

No change 

33 

d-A 

10 mgm. 

I mouthful 

I 

No change 

34 

d-A 

10 mgm. 

None 

I 

No change 

35 

Saline 

I cc. 

3 

I 

No change 

36 

Saline 

I cc. 

3 

I 

No change 

37 

Saline 

! I cc. 

3 

I 

No change 

38 

Saline 

i I cc. 

3 

I 

No change 

39 

d-A 

1 10 mgm. 

None 

I 

No change 

40 

d-A 

i 10 mgm. 

2 mouthfuls 

I 

No change 

41 

d-A 

10 mgm. 

2 mouthfuls 

I 

No change 

42 

d-A ; 

10 mgm. 

None 

I 

No change 


1 Experiments i to 12, dog i; 13 to 24, dog 2; 25 to 34 i dog 3; 35 to 42, dog 4. 

- d-Amphctamine sulfate. ^ Animals ate vrell; exact amount was not measured. 
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dog food (Pard, Swift) was added 200 cc. of water. This mixture was offered to the 
do°’s for 30 minutes each day at the same time. 

" One day each week a test was performed. Food was withheld for 24 hours pre- 
ceding each test. The gastric motility of the fasting dog was recorded during a 30- 
minute control period. The substance to be tested on that day was then adminis- 
tered by subcutaneous injection and the recording was continued for one hour longer. 
The substances tested consisted of d-amphetamine sulfate in doses of 0,5, i.o, 1.5 
and 2.0 mgm. and i cc. of 0.9 per cent sodium chloride as a control. At the end of 
the one hour postinjection period of recording, the stomach tube and balloon were 
removed and the usual daily ration of food, as described above, was offered to the 



Fig. 1. Kymographic tracing of gastric motility in an intact dog. At the arrow 2 mgm. d-am- 
phetamine sulfate was injected subcutaneously. Contractions were depressed for a short period and 
then full recovery occurred. In spite of the return of contractions, the dog ate none of the food that 
was offered to it immediately after the tracing was discontinued. 

dog for one hour. The amount of food eaten was determined by weighings before 
and after eating. 

Dogs with vagolomhed gastric pouches. Two dogs with pouches of the entire 
stomach and esophogoduodenostomies were also used in this study. The vagal 
fibers to the stomach had been severed at the time of the operation. The procedure 
used in these animals was essentially the same as that used in the intact dogs e.xcept 
that the recording balloon was introduced through the stoma of the pouch instead of 
through the mouth. The doses of d-amphetamine sulfate were larger than those 
used in the intact dogs, 5 and 10 mgm. doses being used. These larger doses were 

employed because preliminary- experiments with the smaller doses had shown them 
to be ineffective. 
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RESULTS 

A summary of tlie results appears in table i. 

Intact dogs. In four control experiments on each dog the subcutaneous in- 
jection of I cc. of physiological saline failed to produce any significant change in the 
pattern of gastric motility and the average food intake was very similar in the two 
dogs, being about 450 grams. In the 16 experiments in which the d-amphetamine 
sulfate was administered, depression of both hunger motility and food intake was 
noted in most of the tests and occurred consistently with the higher doses. How- 
ever, there was very poor correlation between these two effects of the drug. For 
example, full recovery of the gastric motor activity always occurred by the end of the 
one hour post-injection period of recording, but this was never accompanied by a 
return of desire for food, that is, the food intake was significantly below normal and in 
some instances no food was taken, despite the presence of strong gastric hunger con- 
tractions (fig. i). '’’Furthermore, the food intake was depressed in some tests even 
when no alteration in gastric motility had been recorded during the hour preceding 
the offering of the food. 

When depression of gastric motility occurred the latent period between the 
injection and the onset of decreased contractions varied from 5 to 10 minutes.- 

Dogs with vagotomised pojiches. The injection of the saline solution under the 
skin during the control experiments had no significant effect upon the gastric con- 
tractions. The results produced by the subcutaneous injection of 5 or 10 mgm. of 
d-amphetamine sulfate were consistent in every experiment. No alteration in gastric 
motility occurred but a marked depression of food intake, usually to zero, was ob- 
served in every test. 

DISCUSSION ■ . 

The finding that amphetamine fails to depress gastric motility in the vagoto- 
mized gastric pouch indicates that the integrity of the vagus nerve is necessary for 
the depression of gastric motility by this drug. In this respect amphetamine re- 
sembles intestinal and urinary extracts, for these substances have also been shown to 
be capable of depressing gastric motility only in animals in which the vagal pathways 
to the stomach are intact (4). The exact nature of this inhibitory effect, aside from 
the fact that it requires the vagus nerves for its production, is not known. The sub- 
stances that produce it probably act 'either directly or indirectly upon the vagal 
centers of the brain. Whether the inhibition is due to depression of the activity of 
vagal motor-excitatory fibers or to stimulation of vagal motor-inhibitory fibers is 
unknown. 

The findings of this study confirm and extend those of Harris, Ivy, and Searle (i) 
demonstrating that the depression of food intake by amphetamine carmot be at- 
tributed to the action of the drug upon the stomach but is more Jikely due to a direct 
central action. The action of the drug upon the stomach may thus be looked upon 
as a result and not a cause of the effect upon the central nervous system. 

The results of this investigation also conform to the new vieu'point of the role of 
the gastric hunger contractions in the total pattern of food-taking behavior that has 
arisen as the result of recent investigations (i, 5). The gastric hunger contractions 
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and the hunger pangs associated with them, though undoubtedly important and 
perhaps essential for the development of appetite in the newborn, can no longer be 
considered to be the most important element in the control of food-taking behavior 
in the conditioned animal. This newer concept emphasizes the importance of the 
central nervous system in the manifestations of hunger and appetite and relegates the 
gastric hunger contractions to a subsidiary role as one of the many factors which may 
exert a reinforcing and facilitating action upon the 'centers’ of the conditioned 
animal. 


SUMMARY 

d-Amphetamine sulfate produced a transient depression or abolition of gastric 
hunger contractions in intact dogs when administered subcutaneously. This inhibi- 
tion of gastric motility could not be the sole or most important factor in the depression 
of food intake caused by amphetamine because a) after full r^very of the gastric 
contractions, food intake is stiU much depressed, b) with sman doses of d-amphet- 
amine sulfate, significant depression of food intake may occur without any de- 
pression of gastric motor activity, and c) in animals with vagotomized pouches of the 
entire stomach, d-amphetamine sulfate causes no suppression of the gastric con- 
tractions, even when large doses are given, but the characteristic depression of food 
intake is stiU observed. 

The implications of these findings for the general theory of hunger and appetite 
are discussed. 
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EFFECT OF RESECTION OF MESENTERIC LYMPH NODES ON 
INTESTINAL FAT ABSORPTION IN THE DOG 

B. G. CLARKE, A. C. IVY and DAVID GOODMAN 
From tito Department of Clinical Science, University of Illinois College of Medicine 

CHICAGO, ILLINOIS 

T he observations reported here were made to determine whether intestinal 
fat absorption may be impaired and intestinal fat excretion increased by 
experimental interruption of the mesenteric lymph drainage. It was be- 
lieved that such experiments might yield data relevant to the question, recently 
discussed by Frazer (i), of the extent to which fat absorption may be a function of 
• the portal as well as of the intestinal lymphatic circulation. In addition they might 
be expected to furnish information on the mechanism of lacteal obstruction with 
steatorrhea which has been described in patients with tuberculous or lymphomatous 
mesenteric Ijnnphadenitis ( 2 - 5 ). 


EXPERIMENTS 

In lo mongrel dogs the absorption of fat was studied before and after resection 
of the mesenteric lymph nodes. In one control dog, fat absorption was studied be- 
fore and after a sham abdominal operation. In this species, all or nearly all the 
mesenteric lymphoid tissue is localized in a single node or group of nodes in the root 
of the mesentery. Resection of this lymphoid mass, into which all the grossly 
visible lymphatics of the small bowel appear to converge, offers a convenient means 
of at least temporarily interrupting the mesenteric lymph flow. 

In all experiments, the quantity of fat excreted in the feces was compared with 
dietary fat intake. In 5 animals, including the control, fecal and dietary nitrogen 
were also compared in order to obtain an index of non-specific variations in intestinal 
absorption involving both fat and protein which might result from operative manipu- 
lation or disturbed intestinal motility. In the same 5 animals, alimentary lipemia 
was studied by means of fat tolerance curv’^es plotted from plasma hpid levels in the 
fasting state and at intervals after introduction of standard quantities of fat into 
the alimentary tract. 

METHODS 

Diet. A standard kennel ration (Dehydrated Pard, Swift & Co.) was supple- 
mented with lard to provide a total fat content of 20 per cent of dry weight and a 
caloric value of 70 Calories per kilogram of body weight. 

Chemical methods. Fat content of three-day pooled collections of feces was 
determined by Boutwell’s (6) modification of Fowweather’s (7) method in experi- 
ments I to 6 , and by that of Fowiveather and Anderson (8) in experiments 7 to 10 and 
the control, number ii. Fecal nitrogen was determined by Woodman’s (9) modifica- 
tion of the macro Kjeldahl method. Plasma lipid determinations were made b}' 
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Bloor’s (10) method. For study of alimentary lipemia, plasma samples were ob- 
tained after an overnight fast, then at 2-, 4- and 6-hour intervals after administration 
of 100 grams of cottonseed oil by stomach tube. 

Operative technic. Anatomically, the operation was based on the preliminary 
dissection of 6 dogs, in some of which the lacteals had been visualized by the ante- 
mortem administration of a fatty meal. The lacteals originate in a fine network be- 
neath the serosa of the small bowel and converge to form larger collecting channels. 
These enter the mesenteric nodes which consist of several closely grouped or con- 
fluent masses of lymphatic tissue lying between the peritoneal layers in the root of the 
mesentery near the convergence of the mesenteric veins. Occasional smaller mes- 
enteric lymph nodes, apparently unrelated to the lymph drainage of the small bowel, 
have been observed with considerable variability in other locations. These may 
occur along the lesser cur\’-ature of the stomach or near the pylorus, along the course of 
splenic or portal veins, or in the mesocolon near the larger branches of the inferior 
mesenteric vessles Our findings agree with those of Bradley and-Gr ahame (ii). 

The operations were performed under drop ether anesthesia, with aseptic 
technic, two to four hours after administration of 67 to 100 grams of cottonseed oil. 
All the lymphoid tissue in the mesentery of the small bowel was removed by dis- 
section with gauze and fingers. The entire small bowel was then explored and any 
remaining intact l}rmphatic vessels broken. Smaller nodes, unassociated with 
lymph drainage of the small bowel, were removed only when readily accessible. 

A control operation in experiment ii consisted of celiotomy and manipulation of 
the viscera without interruption of the lymphatics. 

Second operations consisted of re-exploration and destruction of newly formed 
mesenteric lymph channels in experiments 5 and 4, and of transthoracic ligation of 
the thoracic duct at the level of the aortic arch in experiment g. 

RESULTS 

Effect of the operation on the fecal excretion of fat. Data on the fecal excretion of 
fat were obtained before and after the destruction of the lymphatic drainage of the 
small bowel in 10 dogs. The data for each of the first 6 dogs are graphed in figure i. 
Reference to the figure will show that the operation was followed by an increase in 
the ratio of fecal to fed fat in only 3 of the 6 dogs, and namely, dogs i, 4 and 5. The 
operation, however, simultaneously decreased the appetite and fat intake (see broken 
line in graphs). This indicated that the alteration of the ratio was due to the diminu- 
tion of fat intake. Though during the period of diminished fat intake the endogenous 
fat excretion by the intestine as calculated from Sperry’s data (12) was inadequate 
to account for the entire lipid output, the significance of these transient changes is 
open to question. 

When the results on the first 6 dogs were at hand, it was decided to ascertain to 
what extent the operation also disturbed the ratio of fecal nitrogen output to dietaiy 
nitrogen intake. This was significantly altered in only one (dog 7) of the q dogs 
{dogs 7 to ii) studied (fig. 2). . 

Effect of the operation on the extent of alimentary lipemia. This point was studied 
because at the second operation on dogs 3 and 4 it was found that though many lac 
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teals in the mesentery had regenerated they were not as numerous as before the 
operation. Regeneration of lackals was observed at autopsy in all animals. In 6 
it was also found at autopsy that small new mesenteric lymph nodes had formed at 
the site of previous extirpation. It was therefore thought that although the opera- 
tion did not unequivocally influence the total absorption of fat, it might retard the 
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Figs. 1-4. Fecal eat excretion and alimentary lipemia before and after resection of 
teric lymph nodes. 


mesen- 


rate of absorption. This possibility was investigated by study of the alimentary 
lipemia curve after the administration of a fatty meal. 

The results are shown in the graphs for dogs 7, p and ii (figs. 2, 3, 4). The 
height of the bars indicates the highest level of plasma lipid at 2, 4 or 6 hours after 
the administration of the fatty meal, the overnight fasting level being represented as 
TOO. In dogs 7, 8 and p, no increase in plasma lipid occurred when the fat was fed 
on the third postoperative day. By the sixth postoperative day, normal increase in 
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plasma lipid was apparent after the fatty meal in dogs 7 and 8 . This did not occur 
until after the twelfth postoperative day in dog g. Dog 10 was not affected by the 
operation and the control animal, dog ii, only very- slightly affected. 

The thoracic duct was ligated in dog g, 62 days after resection of the mesenteric 
lymph nodes. Six days after thoracic duct ligation the alimentary lipemia curve was 
normal. At autopsy later, a large chyle-filled collateral channel was discovered 
which had not been present at the time of ligation of the main duct. 

StJMMARY 

Observations were made to determine whether intestinal fat absorption might 
be impaired or fat excretion increased by experimental interruption of the mesenteric 
lymph drainage. 

Resection of tire mesenteric lymph nodes in 10 dogs did not alter fecal fat and 
nitrogen excretion. In each, there was rapid re-establishment of anatomic and 
functional continuity of the interrupted mesenteric lymphatics. In 6 animals, 
partial regeneration of the nodes occurred. Alimentary lipemia was studied in 4 
animals, 3 of which showed normal values six to twelve days after operation. 
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GASTRIC ABSORPTION OF ETHYL ALCOHOL IN THE RAT 

LEONARD KAREL and JOSEPH H. FLEISHER 
With the technical assistance of Jack Lown 

Frotn the Toxicology Section, Army Chemical Center 
MARYLAND 

34 LTHOUGH the gastric absorption of ethyl alcohol was reported as early as 
Z_k 1847 (i), not until 1881, when Tappeiner (2) published the results of his 
investigations, were unequivocal experimental data presented showing not 
only that the stomach is permeable to alcohol, but also that the extent of absorption 
may be appreciable. During the next 25 years the work of Tappeiner (2) was con- 
firmed by others (2-1 1). 

Berggren and Goldberg (i 2) assumed, from investigations on human subjects and on cats, that 
the passage of alcohol through the gastric mucosa is purely a process of diffusion and that, therefore, 
the blood alcohol level will rise higher and more rapidly the greater the concentration of the ingested 
alcohol. The data of Haggard el at. (13) tend to confirm this. A contrar}’^ conclusion was reached 
by Delhougne (14) who failed to observe marked gastric absorption of alcohol in dogs. Subse- 
quently, data similar to those of Delhougne were reported for rats by Rasmussen (15) and Dybing 
and Rasmussen (16), but the latter attributed their findings to the anatomy of the rat stomach. 
Appreciable absorption of both metliyl and ethyl alcohol from the rat stomach was reported by 
Haggard, Greenberg and Lolli (13). 

To investigate further the questions of absorption from the stomach of the rat, 
the effect of hydrostatic pressure on absorption and diffusion through the gastric 
walls, the following studies were undertaken: a), effect of ligating both cardia and 
pylorus on hydrostatic or ‘filtration’ pressure; b), diffusion of ethyl alcohol through 
the ligated, excised stomach and through the ligated nonexcised stomach; c), effect of 
gastric mucosa and stomach walls on the metabolism of ethyl alcohol; d), effect of 
protein-binding by the blood and by the stomach tissue on recovery of alcohol; 
c), excretion of alcohol through the respiratory pathway; and/), portal and right 
ventricular blood levels of alcohol as indications of gastric absorption and distribution 
in the body water. 

METHODS 

The animals used were Wistar, albino male rats weighing approximately 170 to 
225 grams. Prior to the experiment these animals were fasted for 18 to 20 hours but 
were allowed water ad libitum. Anesthesia was induced by the intraperitoneal in- 
jection of 40 mgm. of pentobarbital sodium per kgm. body weight. Alcohol was in- 
jected into the stomach near the cardia with a no. 27 needle. To obviate ex-pulsion . 
of alcohol at the puncture site, the stomach at this point was gently pinched with a , 
hemostat as the needle was withdrawn and for one or two seconds thereafter. Follow- 
ing the introduction into the stomach of i.o ml. of a 5 ir (23.8 per cent by weight) 
solution of ethyl alcohol per 200 grams of bod3'- weight, the alcohol was allowed to 
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remain in the stomach for exactly 20 minutes, at the end of which time the stomach 
was excised, emptied of its unabsorbed alcohol and minced by grinding. Just prior 
to excision a portal vein and/ or a right ventricular sample of blood was obtained. 
Quantitative determinations of alcohol unabsorbed from the stomach, alcohol in the 
blood and stomach tissues and, in a munber of instances, respired and diflfused alcohol 
were then made by the methods outlined below. 

All the alcohol injected into the stomach of the rat may be accounted for on the basis of the 
observations of Harger et al. (19) who found no changes in the concentration relations of ethyl alco- 
hol in blood, brain and liver of dogs sacrificed at time intervals varying from 15 minutes to 12 
hours after administration of alcohol. They also found alcohol to be stored in about the same pro- 
portion as the water content of the materials analyzed. For muscle tissue, the alcohol was approxi- 
mately 0.90 of that stored in blood, and average ratios for brain, liver and intestine were close to this 
figure. 

In our study, it was assumed that the speed with which various parts of the body reach equilib- 
rium in the storage of absorbed ethyl alcohol was at least as rapid in the rat as in the dog and that 
the ventricular levels of alcohol were representative of that distributed in the body water after cor- 
rection by the factor of 0.90 cited above. On the basis of the observations of W3'nn and Haldi (20) 
on the water content of the albino rat on a normal laboratory diet, the water content of the animals 
used in this investigation was considered to be 62 per cent of the total bodj' weight. 

Ethyl alcohol in blood, in stomach contents, in stomach tissues, peritoneal fluid 
and respired air was determined by the procedures described by Widmark (17) and 
by Nicloux (18). The determinations were nonspecific, depending on the oxidation 
of the alcohol to acetic acid by an excess of KjCroOr and H2SO4 and iodometric 
titration of unreacted KoCroOr . 

To minimize loss of alcohol by vaporization, 2 ml. blood samples were collected in 
a cold syringe and further chilled by placing in a test tube immersed in an ice bath. 
Following the cooling and mixing of the blood, one ml. was placed into the cup of each 
of two flasks, sunilar to those used by Widmark (17), containing a measured amount 
of the K2Cr207-H2S04 oxidizing mixture. After two hours at 85°C. the diffusion of 
the alcohol from the cup into the dichromate oxidizing mixture was found to be 
complete. Determinations were made in duplicate. Blank determinations with one 
ml. of blood drawn from rats injected intragastrically with normal saline in a volume 
equal to the alcohol which would have been given were equivalent to 0.05 mgm. of 
ethyl alcohol. The reduction of the dichromate-sulfuric acid oxidizing mixture 
itself was found to be equivalent to 0.06 mgm. of alcohol. The additive saline and 
dichromate-sulfuric acid oxidizing mixture blanks were equivalent to o.ii mgm. 

The determination of residual alcohol in the stomach cavity was made by ex- 
cising and transferring the stomach to a 50 ml. beaker containing a volume of iced, 
distilled water sufficient to cover the organ, cutting the stomach and washing it under 
the w^ater. Two additional washings of the stomach were then made in separate 
beakers, following which aU three washes -were quantitatively transferred to a 100 ml. 
volumetric flask and diluted to the mark, the alcohol so obtained being directly 
distilled, subsequent to the addition of protein precipitant (saturated aqueous picric 
acid solution) according to the method of Nicloux (18). An aliquot of the distiUate 
was placed in a digestion tube containing KsCrsOr and H2SO4 (6N). After remain- 
ing in the digestion tube at S5°C. for one hour, the alcohol was determined iodo- 
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metrically. Peritoneal washings obtained in some of the experiments to assess 
qualitatively the extent of diffusion through the gastric walls in the closed abdomen 
were treated like blood in that alcohol recoveries were obtained from aliquots placed 
in the cups of Widmark flasks. 

Subsequent to the third washing the stomach was rendered brittle by contact 
with dry ice and pounded into veiy small fragments in a cold steel mortar. The frag- 
ments were then placed in a glass grinding tube containing exactly 5 ml. of distilled 
water and ground while the tube was kept immersed in ice water. Next, the cold 
supernatant liquid was centrifuged for five minutes in a stoppered tube and imme- 
diately chilled. A 0.5 ml. aliquot was then analyzed for alcohol by the Widmark 
procedure. 

To minimize the loss of alcohol from presumed intestinal diffusion when the 
stomach was permitted to remain in the open abdomen as described below in (c) and 
(d), ca. I", midline incisions were made almost parallel to the stomach. Ligations 
of cardia and pylorus were mad^e with care to exclude major blood vessels from the 
ligatures. To avoid leakage from the ligated stomach, two ligatures with number 40 
cotton sutures, one immediately behind the other, were applied to both the cardia 
and pylorus. Ten checks for leakage, made by inserting cotton pledgets in loops of 
oesophagus and duodenum immediately adjoining the cardiac and pyloric ligatures, 
respectively, were negative by the Widmark method. 

The effect of ‘filtration’ or hydrostatic pressure was determined by comparing 
the absorption and the ventricular blood levels of alcohol obtained under the follow- 
ing conditions, a. Stomach ligated at cardia and pylorus and replaced in the ab- 
domen which was then closed by suturing, b. Stomach ligated at cardia and can- 
nulated at pylorus, other conditions being the same as in a. c. Same as in a except 
that abdominal incision was not closed, d. Same as in b except that abdomen was 
not closed, e. Stomach doubly ligated and exteriorized on sutured abdomen. 

/. Same as in c but cannulated at pylorus. 

The cannula used (devised by Mr. J. Lowen, fig. i) was sealed with physiological 
saline to prevent loss of alcohol by vaporization. 

After measuring the in vitro diffusion of alcohol from excised ligated stomachs 
(table 2) immersed in physiological saline at 37.5°C. for 20 minutes, in vivo diffusion 
was measured by three methods: a) exteriorizing the ligated stomach on the sutured 
abdomen and collecting the diffused alcohol through an aeration chamber into whi<ih 
the rat was placed for 15 minutes; b) suspending the whole stomach in normal saline 
at body temperature by means of a saline-filled container placed firmly against the 
body of the animal in the prone position; and c) introducing saline into the closed 
abdomen for a 20-minute period at the end of which time the alcohol in the peritoneal 
cavity was determined as previously described. These washings were compared with 
similar washings in animals injected intravenously with a sufiicient quantity of 
alcohol to yield blood levels equal to the mean of those obtained with the intragastric 
injection of alcohol, the purpose of the latter procedure being to account for diffusion 
of alcohol into the peritoneal cavity by way of the intestines or routes other than the 
stomach. 

The aeration chamber was a cylinder io|" long and with a diameter of zh"- 
Into this chamber maintained at 36°-38°, air, first filtered through cotton wadding 
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and charcoal, then bubbled through hot acid dichromate to remove reducing sub- 
stances and, finally, humidified by bubbling through two tubes in series, containing 
warm water, was admitted by suction at a flow rate of 0.3 liter per minute. The air 
which passed over the exposed stomach, kept moist by a suitably sized layer of 
cheesecloth dampened with saline, was collected in a bubbler holding the dichromate- 
sulfuric acid oxidizing mixture. The bubbler itself was immersed, during the collec- 
tion of chamber air, in a boiling water bath colored with a bone-black suspension 
to prevent light from affecting the mixture. 

Since it was not feasible to draw blood samples directly from the gastric veins, 
blood drawn for the purpose of qualitatively assessing gastric alcohol absorption 
was obtained from the portal vein as close to the stomach as possible in heparinized 



syringes. The approximate amount of alcohol distributed in the body water was 
calculated from right ventricular blood samples. 

The respiratory excretion of alcohol was measured by means of the aeration 
chamber already described. 

The effect of gastric mucosa and of stomach wall minus the mucosa on the 
metabolism and binding of alcohol was determined by conducting recovery experi- 
ments on a) excised, ligated stomachs injected with alcohol and incubated for 20 
minutes (table 2), b) on gastric mucosa itself (table ib), and c) on minced stomach 
walls minus the mucosa (table ib). 

Appropriate control determinations were made in all experiments. 

RESULTS 

Data relative to the percentage recovery of ethyl alcohol from m 'vitro e.xperi- ' 
ments with the dichromate oxidizing mixture itself, with blood, with the aeration 
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chamber and with stomach tissues are given in table i. Results of the experiments 
designed to yield quantitative data on gastric absorption and ventricular blood 
levels in botli cannulated and noncannulated animals, with the stomachs in the 
several positions described earlier, are given in table 3. The latter data suggest that 
hydrostatic pressure does affect absorption; moreover, from the in vitro and the 
in vivo data, it is obvious tliat etliyl alcohol can diffuse through the stomach walls 
into the peritoneal cavity. 

That gastric mucosa may metabolize alcohol is suggested by experiments per- 
formed with activated and deactivated (by heating to 6o°C. for 30 minutes) gastric 
mucosa to determine the extent of metabolic conversion and protein-binding of 


Table i. Recovery of ethyl alcohol 


KIND or SAMPLE 

NO. or SAMPLES 

ALCOHOL ADDED 

ALCOHOL RECOVERED 

a. Twenty minutes after addition of the alcohol 



msm./mt. 


Dichromate-H 2 S 04 

II 

M 

H 

, 100.4 ±5-9 

Venous blood 

II 

I-I 3 

100. 1 ±1.8 

Aeration chamber 

8 

H 

M 

101.3 ±1.8 

b. After zo minutes incubation at 37.5° 

C. with stomach tissue 

Stomach', activated 

Composite 

1. 13 

93:7 

Stomach', deactivated' 

Composite 

1. 13 

92.7 

Mucosa', activated 

8 

0.64 

83.5 ±4.3 

Mucosa', deactivated' 

8 

0.64 

89.5 ±1.9 


1 After removal of mucosa, the stomachs of 20 rats were minced in a Waring blender with 100 ml. 
of phosphate buSer and cracked ice. Four 5 ml. aliquots of a total volume of 185 ml. of homogenate 
were incubated with 5 ml. of ethyl alcohol solution equivalent to 11.30 mgm. of alcohol, and then 
analyzed. 

* The gastric mucosa of each of 8 rats was separately mixed with 15 ml. of phosphate buffer. Five 
ml. portions of active tissue were incubated with 4 ml. of ethyl alcohol solution equivalent to 4.52 
mgm. of alcohol and aliquots were taken for analysis. 

’ Five ml. aliquots of buffered tissues were deactivated by heating to 6o°C. for 30 minutes, then 
treated identically as active preparations. 

alcohol (table ib). As regards the gastric walls minus mucosa, results (table ib) 
indicative of metabolic effects were negative but it is likely that protein-binding and 
perhaps adsorption accounted for an approximately 7 per cent loss (non-recoverable 
alcohol). Since, however, the alcohol must first be in intimate contact with these 
tissues to be metabolized, bound or adsorbed, it is presumed to have first been 
absorbed. 

Data obtained regarding respiratory excretion, using 10 rats, gave a mean.value 
of 0.2 zho.02 mgm. per animal during the first 15 minutes after injection of the alcohol 
into the stomach. 

Diffusion experiments by use of the aeration chamber on rats with stomachs 
exteriorized gave a mean value of 0.5 =fc 0.04 mgm. per .animal over a 15-niinute 
period contrasted to 0.3 mgm. for rats whose stomachs were lying in. situ in the open 
abdominal ca\dty. The latter figure, however, was obtained on only 4 animals, 
compared to 10 rats used in obtaining the former. When attempts to determine 
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dififusion by the peritoneal washing technique were made, five rats with stomachs 
enclosed in the sutured abdomen after alcohol injection had an average of only 0.3 
mgm. of alcohol diffusing from the stomach into the peritoneal cavity, a value which 
is in fair agreement with that found in the aeration procedure. However, the 


Table 2. Recovery oe alcohol erom 9 ligated, excised stomachs immersed in physiological 

SALINE at 37.S°C. EOR 20 MINUTES 



AMOUNT 

AMOUNTS RECOVERED IN 


INJECTED 

Diffusate 

Contents 

Tissue 

Total ± 0- 

Milligrams 

223 

100 

6.8 

187.0 

12.6 

206.4 is -8 

Per cent 

3-0 

83.8 

S-6 

92.4 io.8 






Table 3. Gastric absorption and blood levels oe ethyl alcohol in rats 20 minutes aeter 
THE INTRAGASTRIC INJECTION OE I.I3 GRAMS OF ALCOHOL PER KGM. BODY WEIGHT 


STOMACH POSITION 

\^t:ight or rats 

NO. OF 
RATS 

ETOH DISAPPEARING 
FROM STOMACH 

NO. OF 
RATS 

VENTRICULAR BLOOD 
LEVELS 

a. Stomach ligated at both cardia and pylorus 

Enclosed in abdomen 

gm. 

197 

(186-228) 

■ 

% in'll 

41.7 ±2.1 

(33 •3-49-2) 

■ 

mgm. % iiTit 

48 ±4.3 
(33-64) 

In situ in open abdomen 

198 

(174-2IS) 

9 

38.0 ±2.0 
(28.6-46.2) 

14 

47 ±5.6 
(20-85) 

Exteriorized on sutured abdomen 

201 

(188-227) 

9 

38.6 ±4.7 
(17.3-64.5) 

9 

41 iS-9 
(15-64) 


b. Stomach ligated at cardia and cannnlated at pylorus 


Enclosed in abdomen 

194 

(176-218) 

: 15 

1 

41.9 ± 4-3 
(14.1-83.5) 

14 

46 itS.c 

(s-96) 

In situ in open abdomen 

189 

(165-220) 

10 

22.9 ±4.6 
(5.7-42.8) 

10 

33 ± 9-3 
(6-102) 

Exteriorized on sutured abdomen 

201 

(190-219) 

7 i 

24.6 ±4.3 
(12.3-45.4) 

9 

29 ±6.9 

(9-71) 


average diffusion value in four rats, the stomachs of which were suspended in saline, 
was considerably higher, being 0.9 mgm. It will be noted (table 3) that none of 
these diffusion values is great enough to account for marked differences in absorption 
between the stomachs in the several positions. In fact, even though diffusion de- 
termined with 10 excised stomachs reached a value of 3 per cent in 15 minutes (= to 
ca. 6.8 mgm. per 200 gram rat), again this difference is not great enough to account 
for that between the stomachs in the various positions. 

As would be expected, portal blood levels were greater than ventricular levels in 
all animals m which simultaneous samples of both types of blood were taken. For 
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example, in five typical but random cases, the values for portal blood were 88, 79, 77, 
69 and 66 mgm. per cent, while the corresponding ventricular levels were 33, 47, 62, 41 
and 39 mgm. per cent. The consistently high portal levels at points very close to the 
stomach were indicative of marked absorptive activity by the stomach, a finding 
fortified by the positive evidence of diffusion, though small, through the gastric 
walls. High ventricular blood levels, 80.3 and 85.4 mgm. per cent, were found in two 
animals with ligated but not cannulated stomachs enclosed in the abdomen. The 
validity of these blood sarnples is questioned since the animals were in extremis at the 
time the blood was collected. Data on these two animals therefore are not included 
in table 3, inasmuch as the calculated values for metabolized alcohol are negative. 

DISCUSSION 

The currently reported data confirm the observations of Haggard el al. (13) re- 
garding the gastric absorption or disappearance of ethyl alcohol in the rat and extend 
the assumptions of Berggren and Goldberg (12) relative to the diffusion of alcohol in 
the stomach. While it was the opinion of the latter authors that the absorption of 
alcohol is purely the result of a process of diffusion into the gastric mucosa, it has not, 
to our knowledge, been previously demonstrated that in vivo alcohol may diffuse into 
the highly absorptive peritoneal cavity. This suggests that when volatile substances 
or gases, like CO2, are introduced into the stomach, the peritoneum may function as 
an absorptive organ in a sense not hitherto fully recognized. Furthermore, it is 
likely that such a function is even more important in the absorption of such substances 
from the intestines. 

The rate of disappearance of ethyl alcohol from the stomach of the rat is so 
variable that a very large series of animals would be necessary to demonstrate 
statistically significant differences between the rates of absorption in different stomach 
positions or between cannulated and noncannulated stomachs. 

Nevertheless an analysis of the data in table 3 indicates certain consistencies: 
a) in five of the six groups the mean values for absorption of alcohol were lower in the 
cannulated than in the noncannulated animals; i) the lowest blood levels found were 
also in the cannulated groups in each of the six categories; c) while the mean highest 
absorption and blood levels were associated with both cannulated and noncannulated 
stomachs enclosed in the abdomen, the higher levels occurred with greater regularity 
in the case of the doubly ligated stomachs as evidenced by the standard deviations 
of the respective values. The data then strongly suggest that there are real 
differences in absorption resulting from hydrostatic pressure. 

Since the pH values (2.1 to 3.4) of a control series of 10 stomachs were not par- 
ticularly variable, it is felt that differences in gastric acidity could not have been a 
cause of the individual variation in absorption. It was presumed, however, that 
the size of the stornachs, which were so variable that the range of the ratio of the body 
weight to the moist weight of 22 stomachs was 109.8: i to 202.4: i, might explain the 
noted inconsistency in gastric absorption among identically manipulated stomachs. 
As the stomachs in experimental animals could not be weighed without excision, and 
as such stomachs had to be minced quickly to avoid loss of alcohol, resort was had to 
approximate volume determinations of the preinjected, collapsed stomachs by 
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measurements of length, width, and thickness. Unfortunately, here, too, no correla- 
tion was observed between degree of absorption and external stomach dimensions, 
indicating that other factors, perhaps the state of the mucosa or walls, were operative 
in causing the variability. 

Originally, since cannulated stomachs were not subjected to the factor of undue 
and variable hydrostatic pressure, it was anticipated that results among animals of a 
given group would be much more uniform in the cannulated than in the noncannu- 
lated. That this did not prove to be so again points to factors other than the pH, 
weight or volume dimensions of the stomach. 

Seven animals witli ligated but not cannulated stomachs enclosed in the ab- 
domen (table 3) absorbed from 33.0 to 49.2 per cent of the alcohol injected with a 
mean absorption of the 41.7 per cent. The right ventricular blood alcohol levels 
ranged from 33.4 to 64.0 mgm. per cent with a mean of 48 mgm. per cent. 

If it is assumed that a state of equilibrium exists between ventricular blood and 
body water at the end of 20 minutes, the alcohol, in the body water of these seven 
animals may be approximated from the right ventricular blood levels (19) on the 
basis that 62 per cent of the total body weight is attributable to body water (20) and 
that 80 per cent of the blood by volume represents water (22). The difference be- 
tween total alcohol absorbed and that estimated to be in the body water is con- 
sidered to have been metabolized. For the seven animals noted above, the average is 
14.4 milligrams per 100 grams of body weight at the end of the 20 minutes. This 
value for metabolized alcohol is not too distant from the figure of 1 1.4 milligrams per 
100 grams of body weight obtained from the data of Le Breton (21) on the metabolism 
of alcohol by Wistar rats. 


SUMMARY 

1. Hydrostatic or ‘filtration’ pressure apparently affects the absorption of ethyl 
alcohol from the stomachs of rats. Ethyl alcohol may diffuse through the walls of 
the nonexcised stomach and be absorbed by the peritoneum. The mean percentage 
of alcohol absorbed in 20 minutes from stomachs Ugated at both cardia and pylorus 
and injected with one ml. of 23.8 per cent by weight (5 M) alcohol per 200 grams of 
body weight was as follows: d) stomach enclosed in abdomen, 41.7; 6) in situ in open 
abdomen, 38.0', and c) exteriorized on the sutured abdomen, 38.6. In the cannulated 
animals, the respective values were 41.9, 22.9 and 24.6. Mean ventricular blood 
levels for the corresponding series of observations were, in mg. per cent, 48, 47 and 41 
for the noncannulated and 46, 33 and 29 for the cannulated. 

2. That gastric mucosa may metabolize alcohol is suggested by experiments per- 
formed with activated and deactivated mucosa. Evidence of metabolism of alcohol 
by the gastric walls minus mucosa was entirely lacking, but protein-binding and 
possible adsorption accounted for about 7 per cent of nonrecoverable alcohol. 

3. Presumptive e\ddence indicates that under the conditions of these experi- 
ments, about 14.4 mgm. of ethyl alcohol per 100 grams of body weight may be 
metabolized by the Wistar rat in 20 minutes. 


The authors acknowledge gratefully the assistance of Miss Josephine Schaffer and 
that of Mrs. Jane U. Harrison in the conduct of these experiments. 
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ABSORPTION OF BLOOD FROM THE PERITONEAL CAVITY 

OF THE DOG^ 

GEORGE S. SAMUELSEN, GRACE E. GRIFFIN, EDWARD MUNTWYLER and 

SAM SEIFTER 

From the Department of Biochemistry, Long Island Collge of Medicine 
BROOKLYN, NEW YORK 

S tudies dealing with the changes of the plasma volume and tlie plasma pro- 
tein concentration which occur followmg a single nonfatal hemorrhage in 
normal dogs (1-9) have revealed that there is a prompt but gradual return 
of fluid and plasma protein to the circulation. The initial increase of plasma vol- 
ume is apparent!}' the result of the addition of fluid relatively poor in protem. 
Consequently, while the plasma volume may be found to equal or exceed the control 
level in from several hours to some 70 hours, the restoration of the plasma protein 
(albumin) may still be incomplete at the end of several days. Further, the re- 
expansion of the plasma volume occurs without early replacement of the erytliro- 
cytes. In fact, obsen'ations which were made in from one to four days following 
hemorrhage revealed an apparent loss in red cells from the circulation (10). 

In some preliminary observations (ii) it was found that absorption takes place 
quite promptly when a large amount of a dog’s own blood is placed into the peritoneal 
cavity. In these experiments 25 per cent of the measured blood volume was trans- 
ferred directly from tlie femoral artery into the peritoneal cavity, and only a small 
amount of bloody fluid could be detected when laparotomy was performed 24, 48 
and 96 hours after treatment of the animals in this manner. That intact red cells 
are absorbed promptly following their intraperitoneal injection into normal dogs has 
been shown recently by means of red cells labeled with radio-iron incorporated in the 
hemoglobin (12). It has also been found that both hemoglobin and blood plasma 
when given intraperitoneally to a protein-fasting dog are used effectively to supply 
the protein requirements of the animal (13, 14). 

In the present study normal dogs and dogs made hypoproteinemic by diet were 
subjected to a single nonfatal hemorrhage, and, in certain of the animals, the with- 
drawn blood was transferred directly into the peritoneal cavity. These experiments 
were undertaken to determine whether the er}'throcytes and plasma proteins ab- 
sorbed from the peritoneal cavity contribute measurably to the restoration of these 
components in the circulation following an acute blood loss. 

Received for publication March 5, 1948. 

’ Aided by a grant from Wyeth Incorporated, Philadelphia. A preliminary report of this work 
presented before the American Society of Biological Chemists, Chicago, Illinois, May r8, 1947 
(FederaUon Proc. 6: 288, 1947). J 
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METHODS 

Young adult dogs were used in this study and were placed on a constant diet^ 
for at least two weeks before the experiments were undertaken. Food was then 
withheld for 18 to 24 hours, and determinations of the plasma volume, hematocrit, 
hemoglobin concentration and concentrations of the plasma proteins were carried out. 
The determinations were repeated one week later, and if the plasma volume figures 
agreed with the first set the experiment was continued. The animal was then placed 
under sodium pentobarbitaP anestliesia and 25 per cent of the measured blood vol- 
ume was withdrawn by direct puncture of the femoral artery. In one group of 
animals, serving as controls, the blood was collected in a suitable container. In a 
second group of animals the blood withdrawn from the femoral artery was injected 
immediately into the peritoneal cavity, employing suitable aseptic precautions. The 
bleeding time in the experiments reported never exceeded 15 minutes. Observations 
on the blood were then repeated 24 hours after the hemorrhage, during which period 
neither food nor water was allowed, and again 96 hours following the hemorrhage. 
The constant prehemorrhage diet was reinstituted upon completion of the 24-hour 
observations. 

In addition to the experiments which were carried out on dogs receiving the basal 
ration, the same procedures of bleeding and of bleeding and injection into the peri-, 
toneal cavity of the withdrawn blood were performed on animals made hypoproteine- ■ 
mic by diet. In the latter case the dogs were placed on a low protein diet^ for a 
period of three weeks before the experiments were undertaken. 

The blood determinations were carried out on venous blood withdrawn from the jugular vein 
with minimal stasis. The blood was heparinized and sampled immediately for the determination of 
the hematocrit and the hemoglobin concentration. The hematocrit value was determined, in dupli- 
cate and undiluted, with the aid of Van Allen hematocrit tubes, carrying out the centrifugation at 
3000 r.p.m. for one hour. The hemoglobin concentration was determined by the method of Van 
Bruggen (i 5) adapted to the Evelyn photoelectric colorimeter. The plasma volume was determined 
by the direct method of Gregersen and Stewart (16) as adapted to the photoelectric colorimeter by 
Gibson and Evelyn (17). The total plasma protein and albumin concentrations were determined by 
the microKjeldahl procedure; centrifugation was employed, as suggested by Robinson, Price and 
Hogden (18), for globulin separation after precipitation with 22.2 per cent sodium sulfate solution. 

The whole blood and red cell volumes were calculated from the determined plasma volume and 
hematocrit values from the following relations: 

blood volume = : — and, red cell volume = blood volume plasma volume. 

100 — hematocrit 

® The basal diet consisted of : casein, 20 per cent; glucose, 35 per cent; corn starch, 26 per cent; 
lard 15 per cent; cod liver oil, 2 per cent; yeast (Anheuser-Busch Primary Dried Yeast No. 300), i per 
cent; bone ash, i per cent; and supplementary salt mixture (magnesium citrate, 55 per cent; ferric 
citrate, 27 per cent; manganese sulfate, 6 per cent, and copper sulfate, X2 per cent, by weight), 0.3s 
per cent, by weight. In addition, the animals received daily 0.5 gram NaCI and o.i gram KCl per 
kilogram body weight. Vitamin supplements were added to the yeast in the diet so that when fed 
at a level of 80 calories per kilogram the daily vitamin intake per kilogram body weight was : thiamine, 
0.15 mgm.; riboflavin, 0.031 mgm.; nicotinic acid, 0.25 mgm.; calcium pantothenate, 0.20 mgm., and 
pyridoxine, 0.015 mgm. 

® A uniform dose of 25 mgm. per kgm. of nembutal (pentobarbital sodium, Abbott) was used 
for anesthesia. 

^ The low protein diet was identical with the basal diet except that the casein was replaced by 
an equivalent amount of glucose. 
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The total circulating plasma protein and total circulating plasma albumin were calculated by multi- 
plying the plasma volume in cubic centimeters by the grams of protein per cubic centimeter. Simi- 
larly, the total circulating hemoglobin was calculated from the determined hemoglobin concentration 
and the calculated blood volume. The amounts of total plasma protein and plasma albumin removed 
from the circulation by the bleeding and by the withdrawal of blood for the chemical determinations 
were estimated by multiplying the cc. of plasma withdra^^•n (cc. whole blood withdrawn X 

100 - hematocrit) grams of plasma protein or plasma albumin per cc. In a similar manner 

100 

the amount of hemoglobin removed from the circulation was estimated by multiplying the cc. of 
whole blood withdrawn by the grams of hemoglobin per cc. of blood. The amounts of these con- 
stituents restored to the circulation during the given test period were estimated by deducting from 
the grams of total plasma protein, plasma albumin and hemoglobin removed, respectively, the differ- 
ences of the calculated amounts (control period values minus experimental period values) of total 
circulating protein albumin, circulating albumin and circulating hemoglobin. 

RESULTS 

The average blood dianges which were encountered in normal dogs in 24 hours 
and in g6 hours following a) a single nonfatal hemorrhage, and b) a single nonfatal 
hemorrhage with immediate injection into the peritoneal cavity of the withdrawn 
blood, have been presented in table i. The average blood changes which were en- 
countered in dogs made h 3 T 3 oproteinemic by diet and treated in the same manner as 
the normal dogs have been presented in table 2. 

Changes of the plasma protein concentration, i) Hemorrhage. From the 
data presented in tables i and 2 it will be seen that 24 hours following a loss of blood 
amounting to 25 per cent of the control blood volume (during which period neither 
food nor water was allowed), the plasma volume was found to approach the control 
level. When the animals were allowed food and water following the 24-hour period 
and observed again 96 hours after the hemorrhage, the values for the plasma volume 
were found to be greater than the corresponding control figures. It will be seen that 
the plasma volume changes which were encountered in the animals subjected to 
bleeding and injection into the peritoneal cavity of the withdrawn blood are quite 
similar to those observed in the animals subjected to hemorrhage alone. 

That initially, fluid in excess of protein is returned to the circulation following 
hemorrhage is evidenced by a lowered plasma protein concentration. If the differ- 
ence between the measured amounts of total circulating plasma protein (control value 
minus e.xperimental value) is deducted from the amount of total plasma protein 
removed as the result of bleeding, the result gives a measure of the amount of total 
plasma protein which entered the plasma during the given test period. A calculation 
based on the average data obtained with normal dogs (table i), revealed that of the 
7.9 grams of total plasma protein removed by bleeding, 3.1 grams (or 39 per cent) 
had been returned to the circulation in 24 hours after the hemorrhage. Similarly, 
in 96 hours after tlie hemorrhage the normal dogs were found to have added an aver- 
age of 7.5 grams of total plasma protein (about 85 per cent of the total plasma pro- 
tein removed) to the plasma. By treating the data for plasma albumin in the same 
manner, it was found that 1.8 grams of albumin were restored in 24 hours, and 4 3 
grams in 96 hours, representing, respectively, about 36 and 76 per cent of the albu- 
min removed durmg tlie bleeding. 

A similar analysis of the data obtained on animals made h}T)oproteinemic by 
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diet (table 2) revealed that in 24 hours following hemorrhage 3.1 grams of total 
plasma protein and 2.0 grams of albumin had been added to the plasma. These 
figures represented a restoration of about 57 and 74 per cent, respectively, of the total 
plasma protein and plasma albumin removed by the bleeding. Observations which 
were made 96 hours following the hemorrhage indicated a still further restoration 
of plasma protein. That is, 6.7 grams of total plasma protein (representing about 
92 per cent of tlie total protein removed) and 3.8 grams of albumin (representing 
about 109 per cent of albumin removed) were found to have been added to the plasma. 


Table r. Atoeage blood changes 24 and 96 hours atter a single nonfatal 

HEMORRHAGE IN NORMAL DOGS 



ttCUORRII.lGE' 

HEMORRHAGE AND INJECTION 

Control 

( 4 ) 

24 

hours 


96 

hours 

Control 

( 6 ) 

24 

hours 


96 

hours 

Body weight, kgm. 

10.55 

9.90 

10.55 

10.45 

12.48 

12.09 

12.70 

12.58 

Plasma withdrawn, cc. 

136 


153 


137 


139 


Hematocrit, per cent 

46.6 

45-5 

46.6 

40.1 

51.6 

47-5 

54-7 

49.2 

Plasma volume, cc. 

538 

474 

538 

584 

549 

543 

560 

576 

Total plasma protein, grams/ioo cc. 

S -79 

5-55 

5-79 

5.12 

6.22 

5.83 

6.06 

S- 3 I 

Plasma albumin, grams/100 cc. 

3-69 

3-52 

3-69 

3 -i 8 

3-39 

3.26 

3-49 

2-93 

Hemoglobin, grams/ioo cc. 

13.6 

13-2 

13.6 

11. 5 

14.6 

13-7 

15-6 

14. 1 

Albumin/globulm ratio 

1. 76 

1-73 

1.76 

1.64 

1.20 

1.27 

1.36 

1.23 

Total circulating plasma protein. 

31.2 

26.4 

31-2 

29.9 

34-2 

31.6 

34.0 

30.6 

grams 









Circulating plasma albumin, grams 

19.9 

16.7 

19.9 

18.6 

18.6 

17-7 

19-5 

16.8 

Circulating hemoglobin, grams 

137 

115 

137 

112 

166 

142 

193 

160 

Total plasma protein removed, grams 

7-9 


8.8 


8.5 


9-4 


Plasma albumin removed, grams 

5-0 


5.6 


4.6 


5-4 


Blood hemoglobin removed, grams 

35 


39 


41 


51 


Total plasma protein restored, grams 


3-1 


7-5 


5-9 


6.0 

Plasma albumin restored, grams 


1.8 


4-3 


3-7 


2.7 

Blood hemoglobin restored, grams 


13 


14 ■ 


17 


iS 


^ Twenty-five per cent of the measured blood volume withdrawn. No food or water vas 
allowed during the first 24 hours post-hemorrhage. The numbers within the parentheses indicate 
the number of animals. 


2. Hemorrhage and injection oe blood. The data obtained on the dogs sub- 
jected to bleeding and the immediate injection into the peritoneal cavity of the with- 
drawn blood were treated in the same manner as indicated above. In normal dogs 
(table i) there were found to be on the average 5.9 grams of total plasma protein 
and 3.7 grams of albumin added to the plasma in 24 hours. These figures represented 
a restoration of about 70 and 80 per cent, respectively, of the total plasma protein 
and plasma albumin removed from the circulation by the bleeding. In the dogs 
made hypoproteinemic by diet, it was found (table 2) that in the 24-hour period 4.8 
grams of total plasma protein (representing about 80 per cent of the total protein 
removed) and 2.6 grams of albumin (representing about 93 per cent of the albumin 
removed) had been returned to the plasma. It will be noted, therefore, that when 
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the withdrawn blood was injected immediately into the peritoneal cavity, greater 
amounts of total plasma protein and plasma albumin were found to be returned to 
the circulation in 24 hours. In other words, it would appear that the plasma pro- 
teins absorbed from the peritoneal cavity had contributed a share to tlie initial 
restoration of the plasma proteins. 

In the preceding section it was noted tliat during the interval 24 to g6 hours, 
the animals subjected to hemorrhage alone continued to add plasma protems to the 
circulation. Consequently, at the time of the 96-hour observation the amounts of 
the total plasma protein and plasma albumin restored were found to have approaclred 
the respective amounts removed. In contrast, the normal animals (table i) sub- 


Table 2. Average blood changes 24 and 96 hours after a single nonfatal 

HEMORRHAGE IN DOGS MADE HYPOPROTEINEMIC BY DIET 



HEMORRHAGE' 

HEMORRHAGE AND INJECTION 

Control 

( 4 ) 

24 

Hours 

Control 

( 3 ) 

96 

Hours 

Control 

( 3 ) 

24 

Hours 

Control 

( 4 ) 

96 

Hours 

Body weight, kgm. 

9.41 

8.90 

10.84 

10.84 

11.09 

10.80 

10.12 

10.13 

Plasma -withdrawn, cc. 

114 


149 


136 


139 


Hematocrit, per cent 

47.6 

41 .0 

so. I 

41 .0 

44.0 

41.0 

43-0 

39-4 

Plasma volume, cc. 

407 

401 

46s 

S17 

522 

506 

462 

496 

Total plasma protein, grams/ioo cc. 

4.72 

4.22 

5.00 

4-39 

4-43 

4-34 

4.28 

4-03 

Plasma albumin, grams/ioo cc. 

2.36 

2.23 

2.43 

2.2s 

2.07 

2.10 

2.16 

1 .96 

Hemoglobin, grams/ 100 cc. 

I 3 -S 

12.2 

14.0 

II. 7 

12 .1 

II .6 

12.0 

II. 0 

Albumin /globulin ratio 

I .00 

1. 12 

0 . 9 s 

1 .05 

0.88 

0.94 

I .02 

0 . 9 s 

Total circulating plasma protein. 

19.2 

16.9 

23.2 

22 .6 

23.1 

21 ,9 

19.8 

20.0 

grams 









Circulating hemoglobin, grams 

9.6 

8.9 

i’f -3 

II .6 

10.8 

10.6 

10. 0 

9-7 

Circulating plasma albumin, grams 

loS 

83 

130 

103 

113 

99 

97 

90 

Total plasma protein removed, grams 

5-4 


7-3 


6.0 


6.1 


Plasma albumin removed, grams 

2.7 


3-5 


2,8 


3-0 


Blood hemoglobin removed, grams 

29 


41 


29 


29 


Total plasma protein restored, grams 


3-1 


6.7 


4.8 


6-3 

Plasma albumin restored, grams 


2.0 


3.8 


2.6 


2.7 

Blood hemoglobin restored, grams 


7 


14 


IS 


22 


^ See footnote to table i. 


jected to the bleeding and injection procedure failed to add more plasma protein to 
the circulation during this interval. Thus, the observations made 96 hours following 
the hemorrhage and injection revealed that 6.0 grams of total plasma protein and 
2.7 grams of albumin had been added to the plasma. These figures represented a 
restoration of about 64 and 50 per cent, respectively, of the total plasma protein and 
plasma albumin removed by the bleeding, and were lower than the corresponding 
percentage figures observed for the 24-hour period. Observations made 96 hours 
following hemorrhage and injection in dogs made hypoproteinemic by diet (table 2) 
revealed some further addition of plasma protein . However, the percentage restora- 
tions of the total plasma protein and plasma albumin at this period were also approxi- 
mately similar to those encountered when the hypoproteinemic animals were sub- 
jected to hemorrhage alone. 


282 


SAMUELSEN, GRIFFIN, MUNTWYLER AND SEIFTER 


Volume I S3 


The results of tlie observations which were carried out 24 hours following the 
hemorrhage indicate that when the withdrawn blood is transferred directly to the 
peritoneal cavity, the absorbed plasma proteins do contribute to some extent to the 
initial restoration of tlie plasma protein to the circulation. It would appear, however, 
that the absorbed plasma proteins enter into an equilibrium with the supply of pro- 
teins normally called upon to restore the plasma protein deficit. Consequently, when 
the observations were made several days following the hemorrhage, the restoration 
of the plasma proteins was similar in the two groups of animals. 

Changes of the hemoglobin concentration and the hematocrit. The data presented 
in tables i and 2 show that witli the re-expansion of the plasma volume following the 
hemorrhage there was a decrease of the blood hemoglobin concentration and the 
hematocrit. If the percentage changes from the respective control levels are con- 
sidered, it \vill be found tliat in the animals subjected to hemorrhage alone, the 
deficits of the average hemoglobin concentration and of the hematocrit were greater 
at the time of the 96-hour than at the 24-hour period of observation. On the other 
hand, the animals subjected to hemorrhage and injection of the withdrawn blood 
exhibited comparatively smaller percentage changes in the deficits of the hemoglobin 
concentration and the hematocrit during the same interval. This was particularly 
true in the animals made h3q)oproteinemic by diet. 

These findings suggested that the circulating red cell volume was better sustained 
in those animals in which the blood was injected into the peritoneal cavity and indi- 
cated that with the absorption of the blood, red blood cells had been added to tlie 
circulation. In order to determine whether the absorption of blood from the peri- 
toneal cavity contributed to the circulating hemoglobin, the amount of blood hemo- 
globin restored during the given test periods was calculated in the same manner as 
was the restoration of the plasma proteins. Such a calculation revealed that in 
normal dogs 13 grams of hemoglobin had apparently been returned to tlie circulation 
24 hours following hemorrhage (table i), and seven grams of hemoglobin in the case 
of the dogs made hypoproteinemic by diet (table 2). Wdien the volume of circulating 
red blood cells was calculated on the basis of the hematocrit readings, the result indi- 
cated that the observed red blood cell volume was greater than the volume expected. 
That there was an apparent increase in the red blood cell volume during the 24-hour 
interval following a single non-fatal hemorrhage is a surprising finding, since in a 
previous study employing unanesthetized dogs (9) the changes of the hematocrit 
indicated an additional loss of red blood cells from the circulation, rather than a gain. 
In addition the work of Huber (10) had indicated that following hemorrhage in 
unanesthetized, normal, splenectomized and sympathectomized dogs, red cells 
disappear into certain regions of die vascular bed where they are withdrawn from the 
active circulation. In the present study the hemorrhage was induced in animals 
under sodium pentobarbital anesthesia and the difference in results may probably 
be attributed to the anesthesia. To test this point an unanesthetized normal dog 
was subjected to the standard hemorrhage of 25 per cent of the measured blood 
volume. Observations carried out in 24 and 96 hours indicated an apparently 
greater loss of hemoglobin and of red blood cell volume from the circulation tJian 
expected on the basis of the amounts of these components removed by the bleeding. 
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That tlie changes of the hemoglobm concentration and the hematocrit following 
hemorrhage may differ in normal anestlietized and unanesthetized animals has been 
observed by other workers. For example, Carr and Essex (19) reported that intact 
dogs subjected to acute hemorrhage under sodium pentobarbital anesthesia showed a 
marked increase of the concentration of hemoglobm after t}ie hemorrhage and at tire 
end of 24. hours still had 82 per cent of tire preanesthetic concentration of hemoglobin. 
On the other hand, these authors found that after splenectomy the dogs showed a 
marked fall of the concentration of hemoglobin following hemorrhage and after 24 
hours had only 66 per cent of tlie preanesthetic concentration of hemoglobin. Fur- 
ther, Elman and Riedel (20) recently reported that when hemorrhage was produced in 
dogs under local anesthesia, hemodilution proceeded promptly; however, when 
sodium pentobarbital was administered intravenously at a time when hemodilution 
was in initial progress, the anesthesia apparently reversed the process and in some 
cases led to actual hemoconcentration. 

The use of sodium pentobarbital anestlresia in the present experiments presents a 
complication. However, since tire animals in the two groups of experiments were 
treated in the same manner (the only difference being that in one group tire witli- 
drawn blood was injected immediately into the peritoneal cavity), it would appear 
that any difference in the amount of hemoglobin or of red blood cells returned to tlie 
circulation can probably be attributed to absorption from the peritoneal cavity. 
In the experiments with normal dogs (table i), it will be observed that 13 grams of 
hemoglobin were returned to the circulation in 24 hours, and 14 grams in 96 hours 
followmg hemorrhage. These figures represented about 37 and 36 per cent, re- 
spectively, of the amount of hemoglobin removed from the circulation by the bleeding. 
On the other hand, when the withdrawn blood was injected immediately into the 
peritoneal cavity, there were found to be 17 grams of hemoglobin returned to the 
circulation m 24 hours (representing about 41 per cent of the hemoglobin removed), 
and 18 grams of hemoglobin in 96 hours (representing about 35 per cent of the 
hemoglobin removed). Iir the normal animals, therefore, the injection of the blood 
into the peritoneal cavity had little or no effect on the restoration of blood hemo- 
globin following hemorrhage. 

A somewhat different conclusion was arrived at when the data obtained on tire 
animals made hypoproteinemic by diet were examined (table 2). Thus, it will be 
noted that in 24 hours following hemorrhage, 7 grams of hemoglobin, and in 96 
hours, 14 grams of hemoglobin had been returned to the circulation. These figures 
represented about 24 and 34 per cent, respectively, of the hemoglobin removed from 
tlie circulation by bleeding. In tliose animals in which the withdrawn blood was 
injected into the peritoneal cavity, there were found to be 15 grams of hemoglobin 
returned to tlie circulation in 24 hours and 22 grams in 96 hours. These figures 
represented, respectively, about 52 and 76 per cent of the hemoglobin removed by 
bleeding. Therefore, in the dogs made hypoproteinemic by diet, it would appear 
that the absorption of blood from tiie peritoneal cavity was associated with some 
restoration of the hemoglobin following hemorrhage. 

In passing, ^ it might be remarked tliat an analysis of tlie data relative to changes 
of tlie circulatmg red cell volume supported the findings based on hemoglobin. 



284 


SAMUELSEN, GRIFFIN, MUNTWYLER AND SEIFTER 


Volume IS 3 


. That is, in comparison with the changes encountered when the animals were subjected 
to hemorrhage alone, in normal dogs there was no increase in circulating red cells 
associated with the absorption of blood from the peritoneal cavity. In dogs made 
hypoproteinemic by diet, however, there was a greater return of red cell volume, the 
percentage return being appreciably greater at tlie time of the 96-hour than at the 
24-hour period of observation. 

Urine nitrogen elimination. The urine total nitrogen elimination was exammed 
in a number of tlie animals to determine whether the absorption of the withdrawn 
blood injected into the peritoneal cavity was accompanied by an increased nitrogen 
excretion. In table 3 are presented tlie average data for the urine total nitrogen, 
expressed in terms of grams of nitrogen per kilogram body weight per day, which 
were encountered for a three-day period immediately prior to hemorrhage, and for 


Table 3. Average total nitrogen excretion in the urine of dogs following 

hemorrhage' 

(Values are expressed in terms of the control body weight) 


• 

COMMENT 

BODY WEIGHT 

BLOOD N 
WITHDRAWN 

TJEINE TOTAL N PER DAY 

Prehemor- 

rhage 

Posthemor- . 
rhage— days 

0-3 

3-6 

Normal Die! 

Hemorrhage (4) 

Hemorrhage and injection (3) 

kgm. 

10.6 

12.2 


itgm. boi_ 

0.34 

0.26 

y vieighl 

1 0-27 
0.26 

0.32 

0.28 

Lo7v pr olein diet 

Hemorrhage (3) 

Hemorrhage and injection (4) 

8.5 

10. I 

0.63 

o.SS 

0.15 

0.09 

0.16 

O.II 

O.II 

O.IO 


' See footnote to table i. 


two three-day posthemorrhage periods. The grams of nitrogen per kilogram body 
weight removed from the circulation by bleeding (and returned to the peritoneal 
cavity in one group of animals) are shoivn in column 3 of tlie table. It will be 
observed that there were no significant differences in tlie nitrogen excretion in the 
corresponding groups of injected and noninjected animals. 

DISCUSSION 

Admittedly, the present stud}'’ revealed no dramatic differences in the changes 
of the plasma volume, plasma protein concentration and the hematocrit between the 
injected and noninjected animals following hemorrhage. This was a surprising 
finding in- view of the evidence that an animal’s own blood when placed in the peri- 
toneal cavity is absorbed rather promptly and, further, that red cells labeled with 
radio-iron can be detected in the circulation shortly after being injected into the 
peritoneal cavit3^ 

By comparison of tlie clianges of the circulating plasma proteins obtained in 
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animals subjected to hemorrhage with tliose of animals subjected to hemorrhage 
and injection of the withdrawn blood, it would appear tliat the proteins of the ab- 
sorbed plasma contributed in part to tlie initial return of plasma protein to the 
circulation. 

Why the absorption of the cellular elements of the blood injected into the 
peritoneal cavity was associated with some increase of circulatmg hemoglobin and red 
blood cells in the case of animals made hypoproteinemic by diet and not m die normal 
animals is not clear. During die period of observation there was no evidence of 
jaundice indicating erythrocyte destructioii. An analysis of the total nitrogen of the 
urine for periods as long as six days after the hemorrhage revealed no increased 
nitrogen elimination. In the normal dogs, therefore, it appeared as diough the 
absorbed erythrocytes were withheld from the active circulation. 


StrUMARY 

Normal dogs and dogs made hypoproteinemic by diet were subjected under 
sodium pentobarbital anesthesia to a single nonfatal hemorrhage; in certain of the 
animals the withdrawn blood was transferred directly into the peritoneal cavity. 
Since the animal’s own blood when injected into the peritoneal cavity is absorbed 
rather promptly, it was felt of interest to determine a) whether or not tlie proteins 
of the absorbed plasma contribute measurably to the initial restoration of the cir- 
culating plasma protein and b) whether or not the absorbed erythrocytes contribute 
measurably to the circulating red cell volume. By comparing the changes observed 
with those encountered when animals were subjected to hemorrhage alone, the 
following conclusions were dra-wn: 1) In normal dogs as well as in dogs made 
hypoprotememic by diet, the proteins of the absorbed plasma contributed in part 
to the initial restoration of the circulatmg plasma protein. The plasma protein 
absorbed apparently contributed to the supply of proteins normally called upon to 
restore the plasma protein deficit. This was evidenced by the fact that observations 
made several days after hemorrhage revealed essentially the same restoration of 
plasma protein in- the injected and noninjected animals. 2) During the period of 
observation, the absorption of erytlirocytes in normal dogs was unaccompanied by 
a restoration of the circulating hemoglobin and the circulatmg red cell volume. 
In contrast, experiments with the dogs made hypoproteinemic by diet revealed that 
the absorption of erythrocytes was accompanied by some restoration of the circulating 
hemoglobin and the circulating red blood cells. 
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SOME FACTORS IN THE REGULATION OF THE 
STROKE VOLUME^ 

W. F. HAMILTON and J. W. REMINGTON 
From (he Department of Physiology, University of Georgia School of Medicine 

AUGUSTA, GEORGIA 

T he classical experiments of Starling and his followers (i, 2), with a heart- 
lung preparation in which venous inflow was held constant, demonstrated 
that an increase in the aortic pressure reduced the stroke volume, and led 
to an accumulation of residual blood with dilation of the heart. This dilation, by- 
increasing the presystolic fiber length, progressively increased the energy released by 
the ventricle, until the heart was again able to pump out, against the increased 
pressure, the original amount of blood per minute and per beat. Also, when the 
aortic pressure was reduced, the original Starling records show that the stroke 
volume suddenly increased and remained larger until the heart was reduced to the 
original size and the residual ventricular volume of blood was again small. 

The workers with the heart-lung preparation also made it clear that epinephrine, 
and presumably other sympathetic influences, increased the oxygen consumption at a 
given diastolic size (3, 4). It has also been observed that these influences tend to 
increase the stroke volume in the open chest preparation (5, 6). There are therefore 
three well recognized mechanisms by which the stroke volume may be regulated: 
i) the influence of nervous and hormonal stimulation; 2) the aortic pressure or 
resistance to cardiac ejection, which on increasing tends, other things being equal, to 
reduce the stroke volume and on decreasing tends to increase the stroke volume; and 
3) the influence of increased diastolic size in increasing the energy released by the 
process of ventricular contraction. Wiggers and Katz (5) have shown that under 
ordinary circumstances the auricular pressure at the end of diastole is closely pro- 
portional to diastolic ventricular size, and that there are few influences which in- 
crease the resistance to relaxation on the part of the ventricle. Changes in fillin g 
pressure can therefore be related to similar changes in diastolic size, but only if an 
intact pericardium does not limit the extent of the dilation. 

It may be assumed that these three factors which regulate the stroke volume, 
i.e., diastolic size, cardiac stimulation and aortic pressure, also play a role in regulat- 
ing the stroke volume in the intact animal. The relative effectiveness of each 
would seemingly vary with different physiological conditions. There is obviously a 
range in which diastolic size and stroke volume are related (7, 8). The heart can 
pump out no more blood than returns to it during diastole. If the return is limited, 
diastolic size and stroke volume are necessarily limited in the same measure. If the 
return is large, stroke volume and diastolic size may also be large. As will be seen 
below, ho wever, the stroke volume may also be small when the animal is at rest, and 
Received for publication April 12, 1948. 
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the heart unstimulated, even though the diastolic size is such as to render the peri- 
cardium tense. 

It is difficult to find in the literature a description of the regulation of the stroke volume which 
takes into account all three of the above factors as they operate in the intact animal. Emphasis 
upon the effect of diastolic size (filling pressure) has been made (7, 8). That the role of this factor 
is limited in acute response, perhaps by the non-distensibility of the pericardium, seems indicated 
by several investigations. Thus studies of cardiac size by x-ray show that the normal human heart 
is larger during recumbency than it is during exercise in the upright position, though the stroke 
volume is greater in the latter condition (9, 10). It is also said (ii, 15) and we have made con- 
firmatory observations that, when the animal is recumbent, the heart is slow and the venous pressure 
is in the high normal range, the pericardium limits the resting diastolic size of the heart. . 

The role of cardiac stimulation has been investigated by McMichael and Sharpey-Shafer (16) 
who have shown that the cardiac output in man is increased by an infusion of a small amount of 
epinephrine, even when mean blood pressure, atrial pressure and heart rate remain unchanged. 

The role of reduced aortic resistance has been suggested by the observation (10) that the pro- 
duction of reactive hyperemia in the legs of man, like the opening of an A.V. fistula, produces an 
immediate increase in the stroke volume before any change in reflex cardiac stimulation or in right 
atrial pressure has time to occur. 

Calculation of the stroke volume from the pressure pulse contour (18) in the dog 
allows the following of changes in this quantity from beat to beat, and the description 
of the immediate relationship of each beat to the venous pressure, and the aortic 
resistance, in the presence or absence of cardiac stimulation. Thus the separate and 
combined r6Ies of these three factors in regulating the stroke volume can be evalu- 
ated. We have employed simple techniques for changing the arterial and venous 
pressure level, viz , occlusion of the aorta, and release of that occlusion, stimulation 
of the cardiac and vagal nerves and injection of sympathomimetic drugs and of 
acetylcholine. Since all stroke volumes so derived are expressed as cc. per sq. M. 
body surface, all values calculated from these stroke indexes, such as flow per second 
and cardiac work, are similarly adjusted for body size. 

During occlusion of the abdominal aorta, the calculation of the stroke volume 
was modified by omitting from the sum of uptakes that of the abdominal aorta, 
viscera and legs. Systolic drainage was calculated in the usual way whether the 
occlusion was effective or not. In some experiments a shunt was opened between 
the aorta and the abdominal vena cava. Wren this was done, the uptake of the 
leg arteries was omitted from the calculation, and in calculating drainage P was used 
instead of P-20. This is because with large tubes, such as the shunt, flow does not 
cease until the pressure approaches the venous level. 

The work of the left ventricle was calculated as PQ, where P is the mean pressure 
during systole and Q the stroke volume. The kinetic work was regarded as being 
insignificant: also, a much larger source of error — that of using mean rather than 
integrated PQ products in evaluating the work, was neglected (19). 

The peripheral vasomotor resistance Rv was calculated as Rv = P-20/F, where 
Rv is the vasomotor resistance in arbitrary units, P, the arterial pressure in mm. Hg, 
and F , the blood flow in cc/sq.M/sec. The term vasomotor resistance is used to 
distinguish it from the simple pressure-flow ratio which is usually termed total 
peripheral resistance. The reason for making this adjustment in the formula is that 
when pressures approach 20 mm. Hg, as during vagus stimulation, the flow lessens in 
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much greater proportion than does the pressure (20). Thus there appears a large 
increase in calculated total peripheral resistance which is due to the peculiarities of 
the flow of blood through capillary vessels rather than to a vasomotor change. 
When tlie revised formula is used, the figure for resistance remains about the same 
when the arterial pressure falls due to vagus stimulation. With an A-V shunt in the 
system, the usual relation P/F was used in calculating the resistance. 

Dogs were employed in all experiments, with either morphine-sodium pento- 
barbital, morphine-urethane, or morphine-ether anesthesia. Arterial pressures were 
recorded optical^ from the ascending aorta by means of a sound passed down the 
left carotid artery. Similarly, venous pressures were recorded from the vena cava 
by a sound passed down the jugular vein or from the left ventricle through a sound 
passed by the aortic valves from the aorta. 

RESULTS AND DISCUSSION 

Effects of increased aortic pressure. The pressure against which the hear^ 
worked was suddenly increased by occlusion of the abdominal aorta at the diaphragm? 
for periods of 3-5 minutes. The immediate effect was usually a decided reduction 
in stroke volume and ventricular work (fig. i A, B). As a consequence of the 
reduced stroke volume, residual blood may be supposed to have accumulated in the 
heart to cause the recorded increase in left heart filling pressure (fig. i B). This, and 
the consequent increase in diastolic size, often (fig. i A) but not always (fig. i B), 
produced a small immediate increase in stroke volume and work. The almost negli- 
gible increase in these cardiac functions indicates that the ventricular dilation could 
not have been in any real sense compensatory. Both w'ork and output usually 
remained at very low levels during the aortic occlusion in spite of the increased 
filling pressure. 

During the course of the second minute of occlusion there was often a gradual 
increase in the work which the heart was able to do and a reduction of the peripheral 
resistance (fig. i B). The increased cardiac work cannot be laid to an increase in 
diastolic size because the filling pressure remained . constant. The peripheral re- 
sistance change may have been a reflex adjustment to high pressure in the aortic 
arch and carotid sinus, and the small gradual increase in cardiac output an indirect 
reflection of this, or of a possible augmentation of coronary flow from high pressure. 

The reflex vasodilation during the occlusion differs according to the anesthesia 
used. Hence a dog under morphine-sodium pentobarbital anesthesia can reduce the 
peripheral resistance but little, whereas the animal under morphine-ether can 
decidedly lower the peripheral resistance. Curiously enough, this same contrast is 
apparent in the basal resistance levels under the two anesthetic agents. Under 
sodium pentobarbital, the blood pressure tends to be high, the pulse relatively rapid 
and 4,he peripheral resistance from 2 to 5 units. Under ether, pressures are moder- 
ately low, heart rate fairly rapid and the resistance from 0.6 to 2 units. 

Response to reduced arterial pressure. When an aortic occlusion lasting 3-5 
minutes was released, the arterial pressure fell precipitously as the blood flowed from 
the upper aorta to tlie nearly empty arterial bed below the point of occlusion (fig. 2). 
After this sudden fall had occurred, the rate of pressure fall during diastole still 
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remained greater than normal because during the occlusion there had been reactive 
vasodilation of that part of the arteriolar bed in which there had been no blood flow 
Cfig- 2). 

The first heart beat after release of the occlusion produced a veiy large stroke 
volume. The pressure pulse was smaller than before release of occlusion because of 
a) increased systolic drainage; b) participation of a larger arterial bed in the uptake; 



Fig. r. BP = aortic blood pressure^ systolic above, diastolic below; AT? = pulse rate; JF = stroke 
volume, cc/M“ body surface; F/S = blood flow per second, cc/M^ body surface; PQ = left ventricu- 
lar work per beat; Rv = vasomotor resistance = >’ ~ filling pressure of the left ventricle’ 

A, B — Occlusion of the abdominal aorta, and later release; morphine-sodium pentobarbital anes- 
thesia. C — Opening of an abdominal aorta-vena cava shunt; morphine-urethane anesthesia. D — 
Stimulation of the peripheral end of the vagus; morphine-sodium pentobarbital anesthesia. E — 
Response to an injection of 10 /rg/kgm. B.W. of acetylcholine chloride; morphine-sodium pento- 
barbital anesthesia. 

and c) the greater distensibility of the arteries at the lower than at the higher pressure 
ranges. Not only was the stroke volume abnormally large, but also there was a 
marked increase in the amount of external work, since the reduction in pressure was 
proportionately less than the increase in output. 

This increase in stroke volume and external work was not considered, to be 
related to any change in venous pressure or reflex change in the nervous or hormonal 
balance of the heart, for the change was immediate. Less than 150 msec, elapsed 
between the release of occlusion and the next beat, which showed the maximally 
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• increased stroke volume. The response to suddenly lowered arterial pressure is best 
regarded as the simple mechanical result of a change in the relation between the 
tension developed by the ventricular myocardiiun and the pressure against which it 
works. As pressure decreased, a larger quantity of blood could be ejected by an 
unchanged contractile process. 

Succeeding beats after the first, following release of occlusion, took a variable 
course (fig. i A B). In most cases the stroke volume diminished as blood was 
shifted from the venous reservoir to the dilated periphery. There seems little 
doubt that the venous return was the limiting factor in regulating the cardiac output 
at this time. Nevertheless the stroke volume was usually, and the external work 
often, increased above normal, while the venous pressure was reduced by the ac- 
ceptance of blood in the dilated periphery. In all cases the stroke volume and often 
the external work were greater after than during occlusion. 

The sudden increase in stroke volume upon the release of aortic occlusion 
requires that there be a considerable amount of residual blood in the ventricle at the 
time the change takes place. As a result of the high aortic pressure, during the 
occlusion period the left ventricle put out less blood than normally. The accumula- 
tion of residual blood increased the filling pressure. In the experiment cited, enough 
blood was so stored that the stroke volume was increased three-fold when the re- 
sistance was decreased. 

Reducing the arterial pressure from the normal range down to veiy low levels 
gave changes of the same sort as those described above (fig. i C), This experiment 
was performed by having a large shunt between the abdominal aorta and the vena 
cava. On opening this shunt, the peripheral resistance fell rapidly and the stroke 
volume increased before any adjustment of filling pressure or reflex stimulation 
could have occurred. 

There are two important differences. One is that on release of the occlusion, 
the stroke volume increased from 16 to 51 cc. On opening the shunt, the increase 
was only from 24 to 36 cc. This presumably means that less residual blood was 
stored in the ventricle in the latter case, and hence there was a smaller increase in the 
stroke volume with a similar drop in pressure. 

After opening the shunt, the stroke volume gradually increased. This is in 
contrast to the decrease in stroke volume which occurred a few beats after the opening 
of an aortic occlusion. The increase in stroke volume following the opening of the 
shunt was due to an increased diastoHc filling. The blood passing through the 
shunt returned at once through the vena cava, whereas after aortic occlusion it 
remained in the dilated peripheral bed. The filling pressure of the left and right 
ventricles rose after opening the shunt, and fell after release of the occlusion. 

In these and related experiments the ventricle, working under normal conditions, 
retained a volume of blood from a half to a full stroke volume in size. When working 
against a high arterial pressure, this volume of residual blood is increased; when the 
pressure is reduced, this volume is lessened. The experiments illustrated were 
performed under sodium pentobarbital anesthesia, and from direct observations made 
on sumlar animals we may conclude that the ventricle in the pre-occlusion period 
was not filled to the limit of the pericardium. Only when the arterial pressure was 
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elevated did the ventricle dilate, and then not always to the pericardial limit. Under 
ether anesthesia, tlie changes following release of the occlusion, while showing similar 
trends, were not so dramatic. The heart size was large at the beginning of the 
experiment and did not increase greatly as a result of the occlusion. Under ether the 
reflex vasodilation, which occurred only in small measure under pentobarbital, was 
very pronounced. This caused the peripheral resistance to fall nearly to the pre- 
occlusive level, and the stroke volume to increase to a high level. The stroke volume 
reached upon release of occlusion was as great as that illustrated in figures i A and B 
but the net increase over that during occlusion was much smaller. 

Effect of stimulating the vagus and cardiac accelerator nerves. Stimulating the 
accelerator nerves, in the few experiments we have performed, caused an increase in 
the output and work per second. These figures calculated per beat remained un- 
changed. 



SCCONOS 

Fig. 2. Aortic pressure pulse contour changes following release of an occlusion of the ab- 
dominal aorta. 

Slowing the heart by peripheral vagus stimulation caused a marked increase 
in the stroke volume and work per beat. The flow and work per second were greatly 
reduced (fig. i D). 

Acetylcholine, (fig. i E) had an action similar to vagus stimulation during the 
early inhibitory stage. The reduced peripheral resistance and reflex cardiac stimula- 
tion resulted in a decided increase in output and work per minute. The stroke 
volume and work per beat were often increased or remained normal (21). 

Effect of certain syfiipaihotnimelic drugs. The sympathomimetic drugs which we 
have used all increase the action of the heart. Some, in addition, caused peripheral 
constriction (e.g., epinephrine). Others had little or no effect upon the periphety 
and exerted their pressor effect through cardiac stimulation (e.g., ephedrine and 
first administration of Priscol), w^hile others produced a peripheral dilation and 
moderate or severe pressure fall, depending upon the action of the drug upon the 
heart (isopropyl arterenol, second administration of Priscol). 

The results of intravenous injections of ephedrine (fig. 3 A) and Priscol- (fig- 3 

- We are indebted to Dr. F. F. Yonkman for the Priscol and Dr. M. Sahyun for the n-iso-propyl- 
arterenol. 
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illustrate the effect of drugs in which the cardiac action is predominant. The vaso- 
motor resistance remained unchanged with Priscol, and the small increase in re- 
sistance which was seen after ephedrine came late and was not responsible for the 
primary rise in blood pressure. The initial response to both of these drugs was an 
abrupt rise in cardiac output and a consequent rise in arterial pressure. The arterial 
pressure rose to figures which, on simple occlusion of the aorta, tend to restrict the 
cardiac output and the work of the heart. Under the influence of ephedrine and 



5 stc. 


Fig. 3. Symbols as for figure i. 

A — Response to injection of 5 mgm/kgm. B.W. of ephedrine sulfate; morphine-sodium pento- 
barbital anesthesia. B — Response to injection of 10 mgm/kgm. B. W. of Priscol (22); morphine- 
sodium pentobarbital anesthesia. C — ^Response to an injection of 2.5 ^rg/kgm. B.W. of n-isopropyl- 
arterenol (23); morphine-sodium pentobarbital anesthesia. D — Response to an injection of 5 
Mg/kgm. B.W. of epinephrine hydrochloride; morphine-sodium pentobarbital anesthesia. E — ^Re- 
sponse to an injection of 20 jag/kgm. B.W. of epinephrine hydrochloride; morphine-sodium pento- 
barbital anesthesia. The sudden pressure drops followed the opening of an abdominal aorta-vena 
cava shunt. 


Priscol these quantities increased rather than decreased, indicating that the-working 
ability of the myocardium was greatly enhanced b}’' the drugs. 

Isopropyl arterenol- also caused a marked increase of the stroke volume and of 
the work per beat (fig. 3 C). The heart accelerated, so that the flow and work per 
second were increased even more. After a few seconds, the drug acted upon the 
periphery to cause a dilation. As the peripheral resistance declined, the pressure and 
work were reduced. Blood evidently accumulated in the periphery to the detriment 
of venous return, and the stroke volume fell back to a figure similar to that which 
obtained before the drug was given. 
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Epinephrine has two antagonistic effects and the final results are variable. 
The drug stimulates the heart and increases the peripheral resistance. The tendency 
of the first is to increase the cardiac output and work; that of the second to decrease 
them. The net action of the drug will depend, then, upon whether it is more active 
on the heart or on the periphery. This in turn depends upon the species in which the 
drug acts. In man, for instance, the work of Allen el al. (24) indicates that epi- 
nephrine produces a generalized vasodilation in the muscles. There seems to be a 
reduction in total peripheral resistance of man (9). Experience with the flow meter 
in the hands of Dr. R. P. Ahlquist indicates that the muscle vessels dilate more, after 
epinephrine, in some species (cat) than in others (dog and rabbit) (25). Epi- 
nephrine then may produce a net rise, a net faU or no change in the peripheral re- 
sistance of the body as a whole, depending on species differences in the peripheral 
action of the drug on the different arterioles of the body. If the peripheral effect is 
such as bo have constriction and dilation balance out with no change in the peripheral 
resistance, the rise in blood pressure would be the result of cardiac stimulation (cf. 
ephedrine and Priscol on the dog). The rise in blood pressure might be the result 
of a moderate net vasoconstriction and cardiac stimulation, or it might be due to an 
intense generalized vasoconstriction which actually restricts cardiac output and work. 
In other words, epinephrine may well have, in different species, as varying effects 
upon hemodynamics as do the several sympathomimetic amines in the dog. 

In the dog, typical results from the literature, based on work on the open chest 
preparation using the cardiometer, show that the stroke volume increases (3, 6). 
According to measurements made in the intact dog, however, the initial effect is to 
diminish the cardiac output and the stroke volume (for literature, see 26). As seen 
in figure 3 D our results indicate a reduction in both the output and work of the 
heart as a result of a dose of epinephrine of 5 /xg/kgm. No dose from i to 25 MgAg™- 
caused a definite initial increase in either factor, though the effect often reversed 
itself in late stages of the drug response. Thus in figure 3 D there was at first a 
diminution in stroke volume and work, followed as the blood pressure fell by a 
decided increase in both of these quantities. With extreme vagal slowing, the stroke 
volume and work per beat might be increased earlier, but the flow and work per 
second remained low. It is true that the balance between the effect of epinephrine 
on the heart and on the peripheral resistance may be changed, in deteriorated dogs 
with low pressure levels, so that the drug may actually increase the stroke volume 
above the initial level. If the peripheral action of the drug should be prevented, 
then the cardiac action of epinephrine might be expected to become clearly manifest. 
The resp^onse to the drug would then be closely similar to that of isopropyl-arterenol 
(fig- 3 C). . 

On the basis of the reduced cardiac output, it might seem that in the dog epi- 
nephrine is useless as an adjuvant to the emergency function of the sympathetic 
system. Stalling the effective action of the heart because of high blood pressure can 
hardl}'- be a useful emergency response. The natural sequence of adrenal secretion, 
however, is muscular activity, whether in flight or in combat. This, through the 
action of .local nervous mechanisms and the accumulation of metabolites causes 
vasodilation in the muscle arterioles and acts hemodynamically like the opening of a 
shunt. The action of epinephrine on the heart causes it to beat more vigorously an , 
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with the lower resistance from opening up of the muscle blood vessels, either directty 
in some species or as a result of exercise in others, to put out blood more effectively. 

A counterpart of this normal phenomenon is seen in the experiment of figure 3 E. 
The sudden drops in pressure w^ere due to the opening of a shunt which had been 
established between the abdominal aorta and the vena cava. Each time the shunt 
was opened, the stroke volume and cardiac work increased to figures well above 
normal. 

Influence of the pericardium on stroke volume responses. It has been pointed 
out that whenever the arterial pressure is raised, the stroke volume of the heart is im- 
mediately curtailed. When, in a constant inflow heart-lung preparation, the aortic 
resistance is increased and the stroke discharge similarl)'^ reduced, the heart either 
dilates and compensates, once again delivering a normal stroke volume, or it 
overdilates and fails abruptly (i, 2). The heart in the intact animals did neither 
but continued to pump steadily a relatively small stroke volume against a high arte- 
rial pressure. Two explanations could be offered. The first would be that the 
pericardium prevented any large degree of compensatory dilation, and certainly pre- 
vented extreme dilation and decompensation. The second would be that venous in- 
flow, in these experiments, was not sufficient to allow full dilation. A preliminary 
series of experiments was made in which the chest was opened under artificial res- 
piration. The ribs were separated with the animal on its side, so that there would 
be a clear view of the heart and as little handicap to cardiac filling as possible. 
Occlusion of the aorta was performed and epinephrine injected, before and after 
removal of the pericardium. 

The responses to occlusion fall into two patterns. When the animal showed a 
small heart, rapid pulse, small stroke volume, high peripheral resistance and low 
venous pressure before occlusion, the presence or absence of the pericardium did not 
appreciably change the response. The basic reason seems to be that for a rapid heart 
and a low venous pressure, dilation of the heart was not sufficient to produce com- 
pensation. On observation, the heart did not fill the pericardium when it was intact, 
nor did it exceed the volume of the pericardium when it was slit open, even during the 
occlusion maneuver. 

When, however, the stroke volume and flow were large, as under ether anesthe- 
sia, a demonstrable difference in response to aortic occlusion was seen. In the con- 
trol period, the pericardial membrane was tense in systole and in diastole, and the 
pumping action of the heart consisted of an apexward movement of a A.V. groove in 
systole, with little medial movement of the lateral ventricular walls. This type of 
cardiac movement has been recognized as normal in the x-ray shadows of the resting 
unanesthetized dog (27). 

On occluding the aorta, there was a small rise in venous pressure, but since the 
heart was already filling the pericardium there was verj*- little or no increase in 
diastolic size. The stroke volume was greatly restricted and remained so until the 
peripheral resistance was lowered. After removal of the pericardium, the heart, on 
occluding the aorta, dilated weU beyond the limits of the pericardium. The stroke 
volume depression was smaUer than when the pericardium was intact and showed 
a prompt recovery to tire initial level. 

A similar contrast applied to the responses to identical doses of epinephrine with 
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pericardium intact and removed. The heart dilated to the pericardium in the one 
case, and well beyond it in the other. In the latter case, the stroke volume and work 
per beat were much greater than before pericardium removal. 

The experiments indicate that the pericardium plays a role in the failure of tire 
ventricle to accomplish a compensatory dilation when faced with an acute increase 
in arterial pressure. It should be emphasized that all of the experiments presented 
here deal with the umnediate cardiac response to large pressure changes. The results 
are not, therefore, applicable to such chronic problems as hypertension, where the 
heart is dilated, the pericardium increased in size, -and the stroke volume returned to 
normal levels. 


SUMMARY 

Three important mechanisms are recognized for regulation of the stroke volume * 

1) change in diastolic size of the ventricles as evidenced by change in filling pressure’ 

2) change in the resistance to ejection (aortic pressure); and 3) change in the degree 0^ 
cardiac stimulation. 

Working with the intact dog, our experiments indicate that an acute increase in 
the arterial pressure against which the heart must eject blood tends to reduce the 
stroke volume and usually to reduce the external cardiac work. This maneuver 
caused the heart to dilate, but when the pericardium is intact the dilation is not 
sufficient to produce a significant increase in cardiac function. Under some cir- 
cumstances removal of the pericardium will allow sufficient dilation to improve the 
pumping action of the heart, but under other circumstances this is not true. 

Decreasing the arterial pressure tends to increase the stroke volume and external 
work. This increase may occur immediately, i.e., before reflex adjustments or 
changes in filling pressure have had time to take place. The fact that the response 
may occur immediately necessitates the assumption that tliere is residual blood in the 
ventricle at the end of systole. A part of this blood can be ejected b)’ a more com- 
plete emptying of the ventricle when the pressure is suddenly reduced. 

The responses to increased and decreased arterial pressure are regarded as simple 
mechanical results of varjdng the resistance to ejection in the face of a relatively 
unchanging contractile process. 

Sympathetic and sympathomimetic stunulation of the heart increases its con- 
tractile activity. This may result in an increased stroke volume and an increase in 
external cardiac work, if the peripheral resistance is not so greatly elevated as to give 
rise to an overwhelming increase in arterial pressure. In this case output and work 
may be reduced. 

In these experiments, changes in resistance to ejection (aortic pressure) and in 
myocardical stimulation are more important than changes in diastolic size (filling 
pressure) in the regulation of the stroke volume. The responses studied are to acute 
changes and hence are not relevant to the results of prolonged strain which give rise 
to cardiac enlargement and hj’pertrophy. 
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VOLUME ELASTICITY CHARACTERISTICS OF THE HUMAN 
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I T HAS been demonstrated that when the transmission time through the arterial 
tree, and the different volume-pressure and pressure-flow relations of the parts 
are taken into account, the stroke volume of the dog can be quantitatively- 
derived from a central pressure pulse contour (i). Stroke volumes so calculated 
agree with tliose determined by the dye injection technique within an average of ±8 
per cent. This technique allows the following of stroke volume changes from pulse 
beat to pulse beat and hence is well adapted to problems where cardiovascular dy- 
namics are abruptly altered. 

An attempt to apply this approach to the human is beset with major difficulties. First, in a 
sample of street dogs of sound health, the age span is not large and cardiovascular pathology is in- 
frequent. The volume-pressure relations of the aortas of a series of such animals, corrected for 
body size, are quite consistent. In the human, on the other hand, where ageing and atherosclerosis 
are a problem, the aortic volumes are quite variable. 

Secondly, the contour of the pressure pulse in the dog can be taken from the ascending aorta 
itself. Needless to say, central pressure pulses are not directly recordable in the human, and whether 
the brachial pulse follows a central pulse closely enough so that it can be used to calculate stroke 
volumes from the pulse contour is unknown. 

In the hope that a method of stroke volume calculation could be constructed for 
tlie human which, while lacking the quantitative consistency of the method for the 
dog, could give values approximating the actual, sufficiently to be of practical 
benefit, we have assembled stretch data on 44 human aortas, covering an age span 
from 8 to 89 years-. For the most part these were accident cases. 

METHODS AND RESULTS 

At autopsy, the length of the aorta was measured in situ in three sections: 
a) from the aortic valves to the exit of the left subclavian artery, hereafter referred 
to as the ‘arch’; h) from the subclavian to the diaphragm, the ‘thoracic’ aorta; and 
c) from tlie diaphragm to the aortic bifurcation into the common iliacs, the ‘ab- 
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dominal’ aorta. The length of the arch was determined before the viscera were 
dislodged, and with the heart drawn down to the diaphragm. The length of the. 
descending aorta was determined with aortic attachments undisturbed, but after the 
respiratory and digestive organs were removed. Next, a segment from each of these 
three aortic parts was marked off and measured . These segments were then removed 
and remeasured, to give the degree of retraction upon cutting free from body attach- 
ments. This retraction has varied from 2 to 15 per cent, being greater in the younger 
individuals. 

The sections were kept in mammalian Ringer solution until they were subjected 
to stretch, which was always within 24 hours of the death of the individual. For 
the stretch measurements, a ring of from 5 to 10 mm. width was cut from each seg- 
ment, its initial diameter measured and then it was subjected to 1000 grams tension, 
developed slowly, with tire gain in half-circumference being recorded simultaneously. 
Two successive stretches on each ring were made, the values given on tire second 
stretch being used for further calculation (2). The instrument used, the Scott 
serigraph, has been described earlier (2). The tension-length figures obtained were 
converted to pressure-volume equivalents, using the calculated hi situ length of tire 
segment. 

The data obtained are given in table i. All subjects known to have a history’- of 
hypertension, or with marked arteriosclerosis apparent at autopsy, are grouped 
separately. Aortic in situ lengths, when corrected for body size, showed good con- 
sistency without a progressive change with age. The only really aberrant case was 
number 25, a very obese individual. Hence there is little evidence of a compensatory 
gain in length accompanymg either old age or hypertension. 

The cross-sectional area of the ascending aorta and the volume capacity of the 
aorta showed the expected tendency for an increase with age. Individual variation, 
however, was large, with considerable overlap between age groups. Consistency 
within an age group was somewhat improved by correcting for body size, but even 
so it is quite impossible to predict from tire age of an individual what the size of his 
aorta would be. As might be anticipated, the variability was greater in older tlian 
in younger individuals. 

Variability in total aortic capacities was also large. As shown in figure i, the 
means of no two age groups were significantly different from each other. This 
variability was greater in the older age groups, for here we find some aortas still 
‘yoimg’ in total capacity and others much enlarged. This same division can be 
noted in hypertensive individuals. Li 5 of the 10 cases, tlie aortic dimensions were 
not increased. Three of these had rapidly fulminating h)q)ertension with death in 
mid-age. Of the five with very large aortas, all had a long history of hypertension. 
Whether the enlargement seen in several of the older individuals in the nonhyper- 
tensive series might be attributable to hypertension cannot be answered from our 
data. Near termmal blood pressures might easily be a grossly misleading clue to the 
e.xistence of hypertension. 

It might be of interest to point out tlie discrepancies between the above data and 
tliose given by Hallock and Benson (3). These authors present a series of curves 
showmg a progression in the characteristics of the aortic distensibility curve with age. 
Plotting percentage increase in volume at different pressure levels, they show thatin 
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younger individuals the curve is somewhat sigmoid, with maximum distensibility 
around 80 mm. Hg. As the individual ages, the sigmoid character is lost, and maxi- 



Fig. 1. Infltxence of age on the volxjme-pkessuee relations of human aortas. Each 
curve represents the average values for a given age group (tabJe i). t'^ertical lines represent standard 
deviations. 

mum distensibility occurs at lower pressure levels. The number of cases represented 
b}’’ each of these curces, and the discrepancies within a series are not given. 'WTiiie a 
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similar trend is to be seen in the data of table i, we need only point out that indi- 
vidual variation is such that ‘young’ aortas may be seen at 68, and ‘old’ aortas at 18 
years of age! 

For absolute volume changes, the curves of figure i are similar to those of 
Hallock and Benson for the middle age and older groups. Their curve for young 
individuals, however, showed a distensibility enough greater than with tlie older 
groups, so that while the zero pressure size was smaller, by the .time 200 mm. Hg 
pressure had been reached, the young aortas were^ actually larger than the older. 
This we have not observed in any cases, even in tire most distensible part of the aorta. 

The data of Hallock and Benson were expressed as cc. volume per cm. length of 
thoracic aorta and bear no body-size correction. The data' given above represent 
total aortic capacities corrected for body size. This difference alone cannot explain 
the disparity in results, however, for the same general relationship is also observed 
for the data of table i, whether uncorrected for body size or expressed as cc. per cm. 
aortic length. 

Applications 

In an attempt to predict the stroke volume of an individual from pressure 
pulses, two approaches might be used. We might, with Bazett et al. (4); take the 
pulse wave velocity as an index to the percentage increase in volume over a given 
pressure range. This percentage figure would have to be referred to an average 
aortic size, from which tlie absolute uptake would then be calculated. However, 
we would have to assume that pulse wave velocity can ever be an adequate index to 
the volume distensibility of the aorta, which in view of the hysteresis exhibited by 
aortic walls to rapid stretching, is hazardous (2)®. Even if a measured pulse wave 
velocity is taken to represent the proportional volume change in tlie aorta, the con- 
version from proportional to absolute volume change depends entirely upon the di- 
astolic aortic capacity which is assumed. The data of table i show that tliese total 
capacities are quite variable, and the use of means may lead to considerable error. 
Further, different factors would have to be assigned to different age groups. 

The correlatioip coefficient between the aortic capacity, corrected for body size, 
at, for example, 80 mm. Hg, and the volume gain from 80 to no mm. Hg is —.05. 
Hence there is no relation between diastolic capacity and volume gain. It can, 
therefore, be no more than coincidental if the volume uptake be predictable from 
pulse wave velocity. Parenthetically, it might be emphasized that volume distensi- 
A V 

bility defined as y little usefulness other than the prediction of pulse wave 

velocity. This relation is meaningless when it is used, as has been done, to predict 
what pulse pressure would accompany a given stroke volume, or to predict the rate 

= In a previous publication (2) , in which formulas were given for the relation between the volume 
uptake of the aorta and the pulse wave velodty, a factor F was assigned to cover the variable effect 
of hysteresis. As the formulas are stated, however, the factor should have been r/F. Hence for- 
mulas 3, page 545. should read: Vp = ^ VAp^ = o.5iVa^;^ for the dog aorta and 
Vp = o.45v'ApV/AV for the human aorta. 



TABLE I. — Volxtme-peessure helations of the hokan aorta 
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of peripheral outflow or the rate of pressure fall which would take place m an arterial 
bed below a point of occlusion. 

The second approach to predict stroke volumes would assume that the absolute 
volume uptake figures are constant enough, despite variations in aortic size, so that 
they could be used directly in evaluating total arterial uptake, and hence tlie stroke 
volume, from pressure changes. As shown by table i, these absolute uptakes were 
more constant than were the percentage changes or total aortic capacities. For 
example, from 80 to no mm. Hg, the average volume uptake for all aortas save that 
of the 8-year old was 16 cc., with a standard deviation of 6.5 cc. or 41 per cent of the 
mean. The average percentage volume change was 20, with a standard deviation of 



Fig. 2. Volume UPTAKE per 30 mm. Hg pressure increase of human aortas. Legend as for 
figure I. 

Fig. 3. Comparison between the pick stroke index and the predicted index from pulse 
pressure corrected for changing arterial distensibility. C = congestive failure patient. 


12 or 60 per cent of the mean. The same approximate ratio holds for other pressure 
intervals. Further, as shown in figure 2, there is little need to subdivide tlie series 
of aortas, for the standard deviation overlap rendered insignificant the observed 
differences in the means of respective age groups. 

From the contour of the volume-pressure relations of the average aorta from 
table I , we constructed a series of tables for volume capacity change of the arterial 
beds, much as such tables were constructed for the dog (i). The distensibilities of 
tlie various arterial beds were assumed to be qualitatively similar to those of the dog, 
and tlie actual volumes for tliese beds obtained by use of tlie ratio of arterial bed 
size to aortic volume size w'hich was actually determined for the dog, Tbe arterial 
volume of tlie legs was, however, made proportionately twice as large as that for the 
dog. A table of estimated transmission times was also drawn up. Using the same 
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method of calculation as used for the dog, we then analyzed a series of 83 brachial 
intra-arterial pressure pulse recordings, with their corresponding stroke volume 
values as determined by the direct Fick procedure, done a short time before tlie pres- 
sure recording. Sixty-two of these cases were supplied us by Dr. Andre Coumand 
from his series done at BeUewe Hospital, and the rest were from a series done at 
Georgia. In the entire series, 13 cases were from hypertensive individuals at rest 
and 70 were from normotensive individuals either at rest or during exercise. Thir- 
teen patients were in congestive failure. 

Both actual and predicted stroke volumes were expressed in terms of cc. per 
square meter body surface, i.e., as stroke index. The average discrepancy between 
stroke index derived from the contour method and from the Fick procedure was 
20.9 per cent. 

As a group, the congestive failure patients showed large pulse pressures as com- 
pared to the stroke indexes given by the Fick procedure. In five cases, the relation- 
ship was hke the normals, but in the otlier eight the stroke indexes derived from the 
contour exceeded tliose given by the Fick procedure by as much as 100 per cent. 

Why the cardiac patients show normal or greater than normal pulse pressures 
when the Fick stroke index is subnormal is a question which can only be speculated 
upon. Edema present in the cardiac patient would be reflected in a high value for 
estimated surface area and hence in a low-stroke index as determined by the Fick 
procedure. The difference between actual and predicted stroke index is too large 
to be explained on this basis, however. Three other explanations could be offered: 
a) that aortic regurgitation was present; b) that arterial distensibility is greatly 
reduced; and c) that for some imknown reason actual systolic drainage is much less 
than that calculated on the assumption that the drainage rate is proportional to 
existing pressure, and that systohc drainage bears the same relation to total drainage 
during a cycle as the time-pressure area rmder the systohc portion of a pulse contour 
bears to the area under the whole cycle. 

As for the first, all cases in which diastohc murmurs were reported were omitted 
from this series. Is it possible that dilation of the ventricle would lead to valve 
incompetence, even though murmurs were not heard in the patients cited above? 
For the second, if we assume no regurgitation, then the aortas or arteries or both must 

AV • , . 

show abnormally low — ratios. It is true that some cases m the autopsy series 

AP 

given in table i show a distensibihty as small as would have to be true for the cardiac 
patients. Why, however, should so many of the latter show values so far removed 
from the average? It is conceivable that a smooth muscle relaxation could accom- 
plish sudi a distensibility change, but our experience with stretch measurements 
made on isolated aortic rings makes us doubt that a tone change could so radically , 
alter the distensibility pattern at working pressure levels. Could the pressure of 
periarterial edema fluid render the arteries less distensible? The third possibility, 
that the drainage figure is in error, seems least likely. In- some cases the arterial 
uptake, as deduced from the pulse pressure, is actually larger than the Fick stroke 
index. The addition of any sized systolic drainage volume will make the discrepancy 


worse. 
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If these eight cases of congestive failure are omitted from the series, tire average 
deviation for the remainmg 75 is 16.9 per cent. The correlation coefficient is 0.89. 
The failure to obtain better agreement than this can be attributed to at least two 
major factors. First, the brachial pressure pulse, modified as it is by its passage out 
the arterial bed, does not lend itself to strict quantitation. The dicrotic trough 
bears no necessary relation to the incisura of the central pulse, nor, judging from 
simultaneously recorded surface carotid and brachial pulses, is there any constant 
landmark on the predicrotic pressure fall which marks the remnant of the incisura. 
Since the whole contour calculation is based on a precise recognition of the end of 
systole and the pressure slope just preceding, the selection of an arbitrary landmark 
on the brachial pulses for the contour predictions leads to undefinable errors. Sec- 
ondly, as has been shown, the human aorta is highly variable in its capacity change. 
There is enough variation in volume change between the aortas given in table i to 
more than accoimt for the greatest discrepancy observed between predicted and 
actual stroke indexes. Unfortunately, the aberrant cases, with regard to aortic 


TABLE 2. Factors for the prediction of stroke volume, per sq. m;. body surface, from the 
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distensibility in the autopsy cases, cannot be catalogued by the age or condition of 
the patient. 

A recognition of the inapplicability of the brachial pulse to contour calculations, 
and the unavoidably large error inherent in the use of an average distensibility to 
represent all age groups and pathological states, led to the feeling that a prediction of 
stroke volume nearl)’- as good as that obtained by the contour method could be ob- 
tained from the pulse pressure alone. It is obvious, however, that account must be 
taken of the changing distensibility of the arterial tree at different pressure levels. 
As shown in figure 2, the absolute uptake per unit pressure rise remains essentially 
constant from 20 to no mm. Hg, and then becomes less at higher pressure values. 

Using the data of table i, a series of factors were derived from aortic measure- 
ments and then increased proportionately until the average of predicted stroke in- 
dexes “d of Fick mdexes was the same. This procedure gives a series of factors 
from which the average stroke index can be predicted, and, at the same time, gives 
a smaUer volume equivalent at higher pressure levels. The factors are given in table 2 
inus. If a brachial pulse tracmg shows pressure values of 120/70 mm. He the 
stroke index from table 2 would be 100 - 52 = 48 cc. men these factors were 
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used for the entire series of 83 cases, the derived stroke index varied from the actual 
by an average of 25.2 per cent. If tlie eight cases of congestive failure be neglected, 
the discrepancy is reduced to 18.6 per cent, rangmg from o to 56 per cent (figure 3). 
The standard deviation is 23 per cent; the correlation coefficient 0.79. 

The fact that pulse pressure corrected in this manner gives a stroke index with 
an average error of but two per cent greater than that given by the calculation from 
the contour indicates that the more complex calculation involved in the latter pro- 
cedure is not warranted. We are not, therefore, even pubhshing the tables for this 
calculation. 

That the pulse pressure would show changes in the same direction as tlie stroke 
volume was first advanced by Erlanger and Hooker (5) . While several workers (6-9) 
have employed PP X HR as a rough index to the cardiac output, no one would claim 
a quantitative relationship between the two. In fact, when tested on a heart-lung 
preparation, quantitation was not found possible (10), although the apphcability of 
these findings to an intact animal is open to question (9). 

Two reasons have been offered for a lack of correspondence between pulse pres- 
sure and stroke volume. The first Hes in tlie changing arterial distensibihty, which 
means that the volume equivalent of a given pressure will not be the same at high as 
at low pressure values. We have attempted to correct for this variation by the 
factors of table 2. 

Several formulas have been advanced by wliich this correction for changing 
arterial distensibihty is attempted by dividing a given pulse pressure by a constant 
or by an arbitrarily selected blood pressure value (i 1-14) . All of these give a relation 
between pressure and volume of constant curvature unlike that shown in table 2. 
Hence each of them will give higher estimates of stroke volume at low pressure values 
than will the essentially straight line of our relationship. "Whetlrer the prediction at 
high pressure values is greater or less than that afforded by the factors of table 2 
depends upon tlie actual curvature given by the individual formula. 

Three of these proposed formulas have been applied to the series of 75 cases. 
In each case the constant employed was chosen to make the means of predicted and 
actual stroke indexes the same. For example, Bazett (13) used tlie quotient of 
PP/{PsY, where Ps is the systoUc pressure. This formula gave an averge dis- 
crepancy of 34.2 per cent. If, follow'ing the suggestion of Bazett, the correction is 
applied only to pulses where the systolic pressure is greater than 100 mm. Hg, the 
average discrepancy was reduced to 28.6 per cent. 

Furst and Soetbeer (12) used the expression PP/Pm, where Pm is the mean 

PP 

pressure level as derived by Pd -f- — . The average discrepancy yielded by this 

3 

relationship was 25.3 per cent. Liljestrand and Zander (14) also use PP/Pm, but 

Pd Pj . 

Pm in this case is . Their formula gave an average discrepancy of 24.1 per 

2 

cent. 

The assumption of a straight-line relation for all pressure values, while it over- 
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estimates higli pressure pulses to a considerable extent, is almost as valuable as any 
of the above formulas. Hence tlie formula; Stroke index in cc. = 0.9 PP, in mm. 
Hg, yielded an average discrepancy of 26.4 per cent. 

The second reason for the lack of agreement between predicted stroke volumes 
and those obtained by the Fick procedure lies in the fact that the stroke volume is 
composed not only of the volume uptake of tlie arterial bed but also tlie volume lost 
by drainage during systole. Arterial bed volumes based upon aortic distensibilities 
will predict only the uptake. The factors of table 2 were set large enough to allow a 
prediction of actual stroke indexes and hence represent both uptake and a constant 
fraction for drainage. In the calculation from tlie pulse contours, the amount of 
systolic drainage was separately derived from the relationship of systolic to total 
pressure-time areas (2). In tliese pulses, the systolic drainage varied from 12 to 44 
per cent of the stroke volume, averaging 25 per cent and witli a standard deviation 
of 7 per cent. Our attempts to correct the volume factors of table 2 by the ratio of 
systolic to diastolic drainage areas, for the individual pulses, resulted in but a small 
improvement in prediction value. Hence the error involved in using an average 
relation of systolic drainage to total stroke volume is masked by the variation in 
distensibility between individual aortas. 

SUMMARY 

The capacities at different pressures of 48 human aortas were calculated from 
aortic lengths and the tension-length relations of rings cut from selected locations 
along the aorta. There was no statistically significant correlation between age and 
aortic length or absolute distensibility. Absolute aortic capacity increased with age 
and with the incidence of hypertension. Variability was so large, however, that 
neither age nor the existence of hypertension could be used to predict aortic size. 

Since there is no correlation between aortic size and absolute distensibility, 

relative distensibility, i.e., 7——, is more variable than is absolute distensibility, — . 

VAP AP 

A prediction of 75-stroke indexes from intra-arterial pulse pressures gave an 
average discrepancy of ±26 per cent from the known Fick values. When the 
prediction was corrected for lessening arterial distensibility at high pressures, the 
discrepancy averaged ±19 per cent. A complex calculation from the brachial pulse 
contour did not make the prediction appreciably better. These discrepancies are 
best explained in terms of varying arterial distensibility of different individuals. 

Eight patients with congestive failure had small stroke volumes and aberrantly 
large pulse pressures. The explanation for this is not clear and they are not in- 
cluded in the above series. 
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I F WE can define a primary method of measuring the circulation rate or cardiac 
output as one in which emperical constants are not necessary in the calculation, 
then there are, if certain fundamental assumptions be granted, two such methods 
available. These are the direct Fick and the dye injection method. 


In the Fick procedure, the blood flow is calculated from the formula 


F = 


0 

(A - V)’ 


I. 


in which F is the blood flow in liters per minute, 0 is the oxygen consumption (or CO2 production) 
in cc. per minute, and (A — V) is the difference in oxygen (or CO2) content between arterial and 
mixed venous blood in cc. per liter. The assumptions required are a) that no appreciable amount of 
the oxygen uptake disappears metabolically from the lesser circulation, and b) that a venous blood 
sample can be taken which is fully mixed. The former assumption is now universally accepted. 
The latter assumption is acceptable if the mixed venous blood sample is withdrawn through the 
catheter from the right ventricle or pulmonary artery; moreover, if proper precautions are taken, 
samples from the right atrium are also found to be well mixed (1-3). 

With the injection method, the rate of blood flow is calculated from the relationship 



where/ is the flow in liters per second, I is the amount of substance in mgm. injected into a vein, 
c is tlie average concentration (in mgm/1.) to which the injected substance is diluted by the blood 
stream during the first circulation, and t, the time in seconds required for this circulation of the dye. 

To illustrate the meaning of this relationship we can imagine a stream of water flowing through 
a more or less complex model, but not recirculating (4). If dye is rapidly injected .into the incoming 
stream, it will mix with the water and be carried through to the outlet. There it may be sampled 
by diverting continuously a small part of it through a needle. This flow is directed into’tubes ar- 
ranged to take samples every second. The rest of the stream containing dye is collected in a con- 
tainer. If the collections in the tubes and in the container are begun with the first appearance of the 
dye and stopped after all the dye has passed, and if the mean rate of flow is constant, then the average 
concentraU on of the samples in the tubes might be e.xpected to be, and actually has been shown to 

Received for publication January 29, 1948. 
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be the same as the concentration of the dyed water in the container. Therefore, the average con- 
centration of the samples in the tubes provides a measure of the rate of flow. For example, if 12 
mgm. of djm be injected, and if it takes 30 seconds for the dye to pass, and if, during that time, 3 
liters of dyed water are collected, then the 12 mgm. of dye will be found in the 3 liters of water, and 
the average concentration of dye in the sampling tubes (as well as in the container) will be 4 mgm. 

per liter. If the rate of flow is calculated from the formula f = - = — ^ j 2jjgj.g second 

ct (4 X 30) 

or 6 liters per minute, the result is the same as the rate of flow measured directly from the dye con- 
centration or from the volume of fluid in the container. 

The application of the method was then tested in models so arranged that recirculation would oc- 
cur before the dye on its first circulation had all passed the point of sampling (4). When samples 
are taken from such a model, the concentration curve rises, reaches a peak and then descends. If 
this curve is plotted on semilogarithmic paper, the descent is along a straight line, as it is in the 
straight flow models. Sometime later a break in this line, usually followed by a second rise in con- 
centration, is clearly recognizable. This marks the beginning of recirculation, and extrapolation 
downward of the straight line portion of the descending limb, ignoring the secondary rise, makes 
possible the construction of a curve which would have obtained if the dye had not recirculated. 
When this curve is used to calculate the flow through models with recirculation, the result corresponds 
with the measured flow within the error of colorimetry. 

When the dye is injected into the vein of an animal, the appearance of the concentration curve 
of arterial samples is ver}' like that from the recirculating models. The straight line descent and the 
evidence of recirculation are clear. Moreover vrhen in the body recirculation is not allowed, as when 
the heart and lungs are perfused with a stream of blood of the size of the cardiac output, the ‘straight 
line’ concentration curve obtains, as it does in the model experiments without recirculation (5), and 
the blood flow can be predicted from the concentration curve. 

The further assumptions necessary to justify this method in calculating the cardiac output of 
man and animals are that the dyes brilliant vital red or T-1824 mix uniformly with the blood, do 
not leave the circulation and can be accurately determined. These assumptions are acceptable on 
the grounds that calculations from the heart-lung perfusion curve give calculated flows in agreement 
with those actually measured (5) and that measurement of the cardiac output in dogs by the dye 
curve agrees with that by the direct Fick method (6). 

It is the purpose of this paper to compare in man, under a wide variely of con- 
ditions, measurements of cardiac output by the injection method with those by the 
Fick procedure. The work was carried out in two laboratories. Eighteen com- 
parisons were made in the Georgia Laboratory and thirty in the Columbia Laboratory 
at Bellevue Hospital. The latter were the result of a cooperative venture in which 
two of the Georgia group (W.F.H. and J.W.R.) worked with the Columbia group in 
their laboratory. 

Determination of cardiac output by the Fick method. The determination of cardiac 
output by the Fick method as used at Bellevue has been repeatedly described ( 1 ,. 2 ), 
but certain technical modifications have been introduced recently. 

The catheter, ^ 6 or ^ 7F, was threaded into the heart through the basilic vein. 
In 24 ol the 30 Bellevue cases samples of the mixed venous blood were taken from 
the pulmonary artery. In the other six mixed venous blood was taken from the 
outflow tract of the right ventricle. In the Georgia series, in 16 cases, the mixed 
venous blood was drawn from the ventricle, and in two from the right atrirm. The 
arterial samples were drawn from an indwelling needle placed in the brachial artery 
of the other arm. 

An anticoagulant and antiglycolytic solution was made up as follows: to 400 
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mgm. of sodium fluoride were added 3 ml. of heparin solution (Liquaemin, Roche- 
Organon, Inc.) and 3 ml. of distiUed water. Syringes were prepared for blood sam- 
pling by greasing the plungers lightly. Several drops of the heparin-fluoride so- 
lution and a small drop of mercury were then introduced into the syringe, and with 
the syringe in the upright position the plunger was advanced completely. In this 
way all air was displaced from the syringe and the solution remaining in the tip served 
as an anticoagulant. Mixing was facilitated by the droplet of mercury. 

Arterial and venous blood samples were started simultaneously with the be- 
ginning of the collection of the expired air. The arterial sample was taken slowly 
during the 1.5-minute period of expired air collection. To avoid clotting in the cathe- 
ter, the duration of mixed venous blood sampling did not exceed one minute. After 
blood samples were drawn, the syringes were plugged with round toothpicks and were 
rotated slowly to prevent settling of the cells. Blood was transferred under pressure 
to one ml. Ostwald-Van Slyke pipettes through a 26-gauge needle inserted into the 
tip of the pipette. A small piece of rubber, pierced by the needle, made possible an 
air-tight seal. 

Since available saponin used for hemolysis caused a heavy coagulum in the re- 
action chamber of the Van Slyke-NeiU apparatus, a solution of Duponal C in similar 
concentration was substituted with good results. 

The expired air was collected in a Tissot spirometer and a recording of the re- 
spiratory rate was made. The subject breathed air from a cylinder equipped with 
a demand valve. 

The technique in the Georgia Laboratory differed in that the oxygen consump- 
tion was measured over 10 to 15 minutes by means of a Sanborn B.M.R. spirometer. 
Hence the patients breathed a rich oxygen mixture during both the Pick and dye 
determinations of cardiac output. The blood samples were drawn under freshly 
boiled oil and kept on ice. They were mixed manually and analyzed for oxygen with 
Van Slyke’s Borax reagent (7). 

Technique of the dye injection method. A measured amount of 0.5 per cent T- 
1824- was injected from a transparent 2 cc. insulin syringe, calibrated for the volume 
it delivered. Because the dense color of the dye solution obscured the end of the 
plunger, a line was etched on the plunger about one-fourth inch from the tip, per- 
mitting accurate filling of the syringe with dye when the etched mark on the plunger 
was aligned with one of the calibrations on the barrel. Repeated weighings of water 
ejected showed variations of the order of two per cent. When an indwelling needle 
was used in the vein, the capacity of the needle, as measured by water weight, was 
subtracted from the quantity delivered by the syringe. This was not necessary 
when the syringe was filled through the needle that was used for the injections. 

The sampling device used in Georgia was similar to that already described (8). 
The receiving tubes were held snugly together on the circumference of a kymograph 
drum by a ring of rubber tubing. Another larger rubber tubing ring was placed 
around the kjmiograph just below, with a roll of gauze tucked between it and the 
tubes. B elow the sampling tubes and their supports was a smoked surface on which 

New York^. y"^ obtained in 5 mi. ampoules from William R. Warner & Company 
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were signalled the instant of dye injection, and time in relation to the center of each 
sampling tube. 

The k3miograph to be used must have one feature, i.e., speed which is adjustable 
during the experiment. The most satisfactory device which we have used is the 
Stoelting k}miograph®. This is a spring-driven machine with a magnetic brake, which 
permits speed to be increased or decreased without stopping the drum. 

It often happens that flow through the sampling needle slows down so that an 
insufiicient amount of blood flows into the tubes when the samples are taken at a 
rate of one per second. It is then necessary to change the kymograph speed to allow 
two or even three seconds per tube. It has been the usual procedure to take samples 
at about one per second from the 5th to the 15th second and then over two or three 
second intervals. In cases of congestive failure, the sampling should extend over a 
period of 90 seconds. In these cases we have been guided by the circulation time, 
determined by decholin or other suitable substance, just before the dye run. The 
sampling was begun about ten seconds before the arm-to-tongue time, and four 
seconds were allowed per sample. 

The elegance of the method of sampling is marred by the spilling of a small 
amount of blood between the tubes. This can be obviated by putting parafl&n bridges 
between the tubes. Loss of a drop or two of blood is of no practical significance be- 
cause the lost blood has the same dye concentration as tire mean of the two neigh- 
boring tubes. 

The kymograph used in the Bellevue series was a modified Harvard t3T3e with 
a manually operated escapement mechanism, by means of which intermittent motion 
of the drum was obtained. The frequency of tire intermittent motion was controlled 
by the speed with which an escapement pawl was rotated, and the amount of the 
motion was determined by the distance between brass pegs brazed on the base of the 
drum. This distance was so chosen that the sampling tubes, held snugly together on 
the circumference of the drum, came successively into filling position with each suc- 
cessive motion of the drum. 

With this apparatus, spillage between tubes was minimized and hence for a given 
rate of sampling a larger volume of blood was collected. The intermittent motion 
necessitated a timing device which recorded on a separate constant speed kymograph. 
The moments of sampling were identified by a signal magnet and time lines were 
marked by a chronograph. 

In measuring the cardiac output by the dye injection method, the venous and 
arterial needles were put in place under novocain and threaded well, in to the vessels. 

In the Georgia series an indwelling venous needle was not used, the dye injection 
being made through the catheter and promptly flushed into the circulation by 15 cc. 
of saline. A 15 cc. sample, usually arterial, was taken into a heparinized syringe and 
set aside to make standards and blanks. Any last adjustment of the indwelling 
needle was made to insure free flow of arterial blood. As soon as the flow was well 
established, the needle was connected by means of a male adapter to an 8 cm. length 
of ^ 8F ca'theter tubing whose other end was held by a stationary arm above the sam- 
pling tubes, directing the flow of blood vertically into them as they passed under. 

^ Purchased from C. H. Stoelting Companj', 424 N. Homan Ave., Chicago 24, Illinois. 
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In the meantime the indwelling venous needle had been cleared, and with the 
help of an assistant the arm was raised until the elbow was directly above 
the shoulder. This position insures delivery of the injected dye into the general 
circulation as quickly as possible. The arterial samples were taken, as outlined 
above, after the injection was made. 

The size of the dye injection required depends upon the type of colorimeter used. 
If the Duboscqe visual colorimeter is used it is necessarj’-, in order to get readable 
optical densities in the diluted sample, to inject 250-500 mgm. of dye. The use of 
brilliant vital red and the preparation of samples for reading by alcohol precipitation 
of serum proteins has been described elsewhere (9, 10). 

It is possible to read much lower values of optical density by various photo- 
electric colorimeters. Most models have very large cuvettes (one cc. or more), and 
consequently the small samples yielded by the injection method must be greatly 
diluted. Nevertheless, it ,is possible to make accurate determinations by means of 
the dye injection technique using these instruments when 50-100 mgm. of dye are 
injected. 

With the Beckman spectrophotometer^ it is possible to reduce the amount of dye 
(T-1824) injected to 5 mgm. and to eliminate the making of quantitative dilutions 
of the serum. This is made possible by the use of microceUs^ which have a 10 mm. 
light path and require as little as 0.05 ml. of fluid. Their use has been described by 
Lowiy and Bessey (ii) and has proved entirely satisfactory in our hands. 

After the serial blood samples were taken (about 0.5 cc. each), they were set 
aside to clot. It is said that the clot retracts from the walls of the tube more readily 
and hemolysis is avoided if the latter are paraffined. This is a precaution that is 
not necessaiy but may be advisable. 

While the samples were clotting, the standards were made up. The initial 15 cc. 
sample drawn for this purpose was well mixed and then carefully pipetted into quanti- 
ties of 2, 3 and 4 cc. To each was added, by means of a red blood cell pipette, an 
accurately measured quantity (approximately 0.004 cc.) of the original dye solution. 
These were then centrifuged, and the optical densities of the plasma were read at 
wave length 625 mpt against the plasma blank. The plot of optical density against 
concentration in mgm/ 1 . should be a straight line passing through the origin. If 
this is the case, the relation between optical density and concentration of dye can be 
set up on a slide rule, and values of optical density transposed to mgm/ 1 . This linear 
relationship between dye concentration and optical density obtains with such regu- 
larity that we see no contraindication to using a single standard sample, though it is 
important to establish the validity of this short cut before using it. It is important 
that the optical density of none of the samples reach values in excess of 1.6, where 
we have found a failure of the linear relationship betw'een optical density and dye 
concentration. If the injection is held to 5 mgm. or less, several successive measure- 
ments on the same individual can be made without encountering this difficulty. 


a employed at Georgia, was purchased through 

pSflle^th' National Institute of Health. U. S. 

® Purchased from the PjTocell Manufacturing Company, 207 E. 84th St., New York, N. Y. 
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After the serial samples had clotted, and tlie clots were well retracted, the tubes 
were centrifuged. At least 0.05 cc. of serum was tranferred to the microcuvettes by- 
means of a capillary pipette. Readings were made against a serum blank at wave 
length 625 mil. If several determinations are to be made in one day, it is well to 
have two carriages and eight cuvettes, so that one set may be filled while the other is 
being read. 

Occasional samples may be turbid or hemolyzed. This can be recognized by in- 
spection of the cuvettes and by the fact that the readings are not congruent with the 
general pattern of the dye concentration curve or the optical density plot of the 
standard. Turbidity may be roughly corrected for by measuring the optical density 
at 725 m^, where the dye has little absorption, and subtracting this value fromfthe 



Fig. 1. Comparison between 
CARDIAC OUTPUTS measured by 
the Fick and by the dye injection 
procedures. 


initial reading. Hemolysis can only be corrected for if the relative optical densities 
of the hemoglobin actually present at wave lengths such as 54 ° known. 

These corrections and their difficulties have been discussed both for the photoelectric 

colorimeter and the spectrophotometer (12, 13, 14). 

The time of the center of each sample was taken from the record on the smo e 
drum, and the concentration of each successive sample was plotted against its time. 
A line connecting these points gives a time concentration curve (fig. i)- 
plotted on semilogarithmic paper (K&E ^358-63), the points of the descen ng 
limb of the curve form a straight line. Depending upon the rate of samp ng an 
upon the speed of the circulation of the subject, there are usually from three to seven 
points on this straight line. If this is not so, there is no clear e-vidence as to w en 
recirculation may have occurred, and the experiment must be discar e. ^ 
a straight fine and clear eiddence of recirculation are present, there is no tj 

as indicated above in separating once-circulating dye from that on its secon circu 
lation. 
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In calculating the average concentration, we find it convenient to read concen- 
trations at regular intervals from the smoothed curve rather than to average the con- 
centrations of the actual samples. The concentrations are read every second from 
the beginning of the curve to the start of the straight line and summated (Si). A 
separate sum of similar readings (S2) is made over the course of the straight line across 
the first cycle of the paper, e.g., from 35 to 3.5 mgm./l, (see fig. i). Since the fine 
crosses the next cycle (3.5 to 0.35 mgm./l.) with unchanging slope, the summed 
points (Sj) over this cycle will be one-tenth of these over the first cycle, or S2. If it 
is necessary to go further, the summed points of the third and later cycles (from 0.6 
to 0.06, etc.) can be added in the same manner (S4, Sb, etc.). The sum of all the 
concentration readings, S, is the sum of Si, S2, S3, etc., and this divided by 

their number gives the average concentration ~ Since in the above procedure, 

the number of points (n) is numerically equal to the number of seconds, S = cT and 

the basic formula of F = ^ can be shortened to F = where F is the flow in 
• cT S 


1/min. 

If the linear relationship between optical density and dye concentration is known 
to hold under the experimental conditions, it is convenient to obtain average optical 
density of the dye curve by plotting optical density directly and treating the figures 
read from this curve as outlined above. The average optical density is then con- 
verted to concentration in mgra./l and the calculation proceeds as above. 

It is also possible to measure the flow of plasma by using the optical density of 
dye diluted in plasma rather than in blood. This can be transformed into bloodflow 

blood 


by multiplying by the 


ratio as read from the hematocrit and correcting for 


plasma 

trapped plasma (15, 16). An advantage secured by this procedure is that a single 
standard reading is adequate, as long as the same manufacturers’ lot and the same 
photometer are used. 

Whether it is best to use blood-dye standards made up at the time of the experi- 
ment or a serum optical density and centrifuge hematocrit is to be decided on the 

basis of convenience. The volume ratio is implicit in both methods. It is 

determined direc%^ and perhaps inadequately (16) by means of the centrifuge or is 
determined indirectly by dilution of dye by the volume of plasma in the blood stand- 
ards. Neither method avoids questions which may be raised on the basis of the fact 
cell 

that the volume ratio is difierent in small vessels, in large vessels and in shed 


blood. These questions seem irrelevant to us because we are measuring the flow of 
blood from the great veins to the great arteries, each of which have the same hema- 
tocrit. The fact that cells pass through the lungs at a slightly higher velocity than 
does the plasma (14) implies that in the blood of the smaU vessels in the lungs there 
must be a greater relative plasma volume than in the large vessels. However the 
relative volume flow of cells and plasma through the lung bed must be the same, or 
else either cells or plasma would necessarily accumulate in the lungs. 
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Comparison of the two methods. The experimental conditions under which the 
comparisons were made varied widely. Some subjects were basal and some were 
exercising, either in the recumbent position or on a bicycle ergometer. The oxygen 
consumption varied from 182 to 1660 cc. per minute and the cardiac output from 2.5 
to 16.8 liters per minute. The subjects included normal staff members and patients 
suffering from various diseases, including congestive failure of the circulation. All 
patients were given o.i to 0.2 grams pentobarbital and 30 mgm. codeine as premedi- 
cation. The results are given in table i and figure 2. 

There was considerable scatter between the observations, though with six ex- 
ceptions the measurements by the injection method were within 25 per cent of the 
measurements by the Pick method. More important than the scatter is the fact that 
there is no evidence of a systematic error. As seen in figure 2 the points are sym- 
metrically placed about the line of identity and the two methods give practically the 
same average answer (6.6 liters per minute Pick and 6.8 liters per minute dye). 

The explanation for the scatter must be looked for in two categories: a) technical 
error of each method and b) physiological changes in the state of the subject which 
may have occurred during the time elapsing between the Pick and dye run. 

Technical errors of the dye experiment include those involved in volumetric 
measurements with the syringe and with the micro pipettes. To evaluate these, 
repeated weighings were made of the contents of the syringe (water) and of the micro 
pipette (mercury). These both showed less than two per cent variation. The errors 
of colorimetry are also of the same order. Disallowing the probability of- errors 
cancelling, the summated errors of this type could aggregate six per cent. 

It might seem that since each sample represents an average of the various con- 
centrations reached during the time of the sampling, a concentration plot based 9n 
these average values might not represent the true course of the actual concentration 
curve in the circulation itself. If the rising or falling concentration curve is convex , 
to the base line, then the center of each tube will receive a concentration that is 
slightly greater than the average and a plotting of the time for the middle of the tube 
against the average concentration wiU lead to inaccuracy. A similar discrepancy 
would obtam in case of a concavity in the true concentration curve. That the error 
involved is a small one is implied by the results of model experiments already cited (4) 
in which the measured flow was predicted from the dye concentration curve with 
errors of the order of three to five per cent. 

Another source of error is involved in failure to recognize recirculated blood. 
In case of the low flat curves seen in severe congestive failure or in dogs after heavy 
doses of epinephrine (17), evidence of recirculation often does not appear until well 
after the lapse of twice the first dye appearance time. Such curves should be dis- 
■carded. The Georgia group have several such curves which are awaiting further 
study. Unrecognized early recirculation will count the same dye twice, will increase 
the value of S and hence lower the cardiac output figure. Curves of this sort have 
not been included in this series as indicated by the fact that the average, dye cardiac 
output figure is not less than that of the Fick. 

Aside from technical errors of the sort mentioned above, the dye method is more 
apt to reflect physiological variations. The dye is injected all at once and mixes 
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Table i. Cardiac output determinations by the rick and dye methods 

(BELLEVUE SERIES) 


EXP. 

SEX 

AGE 

HT. 

WT. 

DIAGNOSIS 

EXP. COND. 

Oj 

CONS. 

A-V 

Dipr. 

CO 

FICK 

CO 

DYE 

% 

DIFF. 

AT> 

BL. 

VOL. 

PULSE. 

PER 

MIN. 













sec. 

L. 


1 

1 



1 

Bronchiec- 
tasis rt. 
pneumo- 
nectomy. 

Rest 

191 

1 

1 

5-5 

1 

7 

3-2 

117 

2 


40 

i6S 

59 

Chr. pulm. 
emphyse- 
ma, fibrosis 

Rest 

235 

4.1 

5-7 

6.5 

14 

1 

1 

83 

3 


74 

164 

54 

Chr. pulm. 
emphyse- 
ma, fibrosis, 
arterioscler. 

Rest 

182 

4.1 

4.4 

5-4 

23 

9 

3-7 

63 

■ 

M 

43 

i6s 

60 

Bronchiec- 

tasis 

Rest ■ 

342 

4.4 

7.8 

8.5 

9 

6 

4.8 

129 

s 

F 

34 

160 

66 

Tbc.Ift. 

fibrothorax 

Rest 

i 

220 

3-5 

6.3 

9.2 

46 

5 

3-2 

108 

6 






Rest 

243 

3-1 

7.8 

7.2 

8 

6 

3-6 

III 

7 


1 




Exer. 

794 

9.1 

8.7 

7.6 

13 

2 

3-2 

173 

8 

I F 

39 

1 160 

I 49 

Chr. pulm. 
emphyse- 
ma, fibrosis 

Rest 

214! 

i 

3-1 

6.9 

1 

6.4 

■ 

5 

1 


9 






Rest 

210 

3-2 

6.6 

6.2 

H 

B 

m 


10 

M 

43 

ISS 

35 

Chr. bull, 
emphyse- 
ma, congest, 
fail. 

Rest 

172 

6.8* 

2.5 

2.0 

20 

27 

3-0 

117 

II 






Rest 

182 

7.0* 

2.6 

2.7 

4 

20 

3-1 

117 

12 




■ 


Rest 

176 

7.0* 

2.5 

2.9 

16 

20 

3-1 

1 19 

13 

M 


165 

1 

Chr. the. 
lobectomy 

Rest 

232 

4-3 

5-4 

6.0 

II 

9 

5-2 

86 

14 

n 



' 63 

Ess’n. nor- 
mal 

Rest 

196 

4.2 

4-7 

5.6 

19 

15 

4.8 

47 

■ 






Lt. Ex. 
Hv. Ex, 

768 

1232 

' 7.6 
9.2 

10. I 

13-4 

13.6 

I 3-4 

35 

0 

10 

9 

4 . 8 | 

4.8' 

77 

105 

r? 

M 

32 

17s 

5 67 

Ess’n nor- 
mal 

Rest 

26s 

i 3-8 

7-1 

9.6 

35 

9 

5-1 

91 

iS 

19 




__ 

• 

Lt. Ex. 
Hv.Ex. 

932 

1660 

8.2 

' 9-9 . 

11.4 

16.8 

I 5 -I 

15-3 

32 

9 

9 

6 

5-1 

5-1 

127 

I5I 
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Table 1 — Continued 


EXP. 

SEX 

AGE 

HT. 

WT. 

DIAGNOSIS 

EXP. COND. 

O2 

CONS. 

A-V 

DIFF. 

CO 

FICB 

CO 

DYE 

% 

DIFF. 

AT^ 

BL. 

VOL. 

PULSE 

PER 









INN. 




cm. 

Kgm. 




vol. % 




sec. 

L . 


20 

M 

26 

178 

71 

Ess’n nor- 
mal 

Rest 

225 

3-6 

6.2 

6.2 

0 

16 

5-7 

73 

21 






Lt. Ex. 

505 

6.2 

8.2 

8.4 

2 

9 

5*7 

go 

22 

M 

39 

181 

58 

Chr. alco- 
holism 

Rest 

213 

3 - 7 * 

5.8 

— 

— 

— 

— 

82 

23 






Rest 

269 

4.8* 

5-6 

5-3 

5 

13 

4.4 

85 

24 






Rest 

260 

4 - 3 * 

6.0 

' 4.8 

20 

II 

4.4 

93 

25 






Rest 

— 

— 

— 

5-7 

— 

12 

4-3 

89 

26 

M 

54 

167 

53 

Mult, lung 
absc. con- 
valescing 

Rest 

229 

3-0 

7.6 

7-5 

I 

7 

— 

86 

27 






Rest 

203 

2.8 

7.2 

7-1 

I 

8 

— 

81 

28 






Rest 

230 

3-8 

6.1 

7-4 

21 

8 

— 

82 

29 

M 

31 

159 

84 

Lungabsc., 
post lobec- 
tomy 

Rest 

349 

2.9 

12.0 

II . I 

8 

8 

4-7 

II4 

II6 

30 






Lt. Ex. 

676 

5-9 

II. 4 

II . 2 

2 

9 

5'2 


Georgia Series 


31 

M 

45 

166 

55 

Congest. 

fail. 

Rest 

278 

* 

00 

4.4 

3-8 

. -14 

7 

1 

' 9 S 

i 

32 ! 

M 

49 

160 

66 

Congest. 

fail. 

Rest 

377 

7.0* 

5-4 

7-9 

47 

12 

6.4 

100 

33 

F 

56 

165 

56 

Parox. 

tachycardia 

Rest 

251 

4.0* 

6-3 

6-3 

0 

8 

4-7 

88 

34 

F 

35 

152 

55 

Hyperten- 

sion 

Rest 

303 

4.9** 

6.2 

5-0 

-19 

15 

6.0 

81 

35 

F 

34 

M 

59 

Lues, no 

cardiovasc. 

involv. 

Rest 

CO 

0 

3 - 5 ** 

8.0 

' 10. 0 

24 

7 

j 6.3 

107 

36 

]\I 

54 

160 

51 

Early con- 
gest. 

Rest 

252 

4.0* 

6.3 

5-3 

-15 

10 

6.0 

67 

37 

M 

45 

173 

63 

Ess’n nor- 
mal 

Rest 

265 

3 - 4 * 

7-7 

7-7 

0 

7 

5-6 

90 

38 

M 

32 

I7S 

i 

69 

Malig. hy- 
pertension 

Rest 

213 

2.8* 

7-5 

8.1 

. 

8 

8 

6.2 

III 
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BL. ^ 
VOL. 

PULSE 

EXP. 

SEX 

AGE 

HT. 

Wt. 

[ 

DIAGNOSIS 

XXP. COND 

O2 

CONS. 

A-V 

Dipr. 

CO , 
PICK 

:0 DYE 

Vo DOT. 

AT' 

PER 

MIN. 




cm. 1 





vol. % 

■ 

m 

■ 


L. 


39 

M 

ss 

163 

59 

Compens. 

congest. 

fail. 

Rest 

186 

4 - 4 * 

4.2 

3-6 



5-7 

51 

40 

M 

69 

158 

45 

Congest. 

fail. 

Rest 

190 

3 - 4 * 

1 

5-6 

■ 

10 

4-5 

78 

41 

M 

43 

168 

1 

77 

Compens. 

congest. 

fail. 

Rest 

246 

5 - 2 * 

1 

3-9 

-5 

14 

5-2 

1 

93 

i 



1 

163 



Rest 

229 

10.4* 

2.2 

2.2 

■ 

17 

■ 

1 

! 100 

i 

43 


40 

160 

55 

Hyperten- 

Rest 




12.8 

i 

23 

B 

3-5 

103 






sion 







■ 





69 

172 

57 


Rest 

203 

5 - 4 * 

3-7 

3.8 

2 

10 

4.7 

68 







Rest 

Hi 

3 - 8 * 

5-7 

4.2 

— 26 

10 

4-7 

56 



80 

17s 

65 

Congest. 

fail. 

Rest 

226 

5 - 5 * 

4.1 

3-1 

-24 

16 

— 

72 

47 

M 

71 

— 

— 

Congest. 

fail. 

Rest 

216 

1 8.0* 

2.6 

2.5 

■ 

26 

6.9 

S8 

48 

M 

5 ° 

— 

— 

Emphyse- 

Rest 

in 

m 

■ 

■ 

. —21 

26 

B 

78 






ma 


|H| 

m 

■ 

■ 



■ 


Average; 

6.6 



m 


All mixed venous blood samples were taken from the pulmonary artery except those marked*, 
which were from the outflow tract of the right ventricle, and **, from the right auricle. 

' Appearance time of dye. 


with the blood stream immediately. The curve reflects the circulation rate over a 
short elapsed time. The Tick samples, taken over a longer period of time, tend to 
average out fluctuations of short duration (respiratory). In this study it was im- 
possible to make strictly simultaneous comparisons of the dye method and the Pick 
method. Although one followed the other within a minute or two, the possibility 
of a phpiological change in cardiac output between the two determinations cannot 
be denied. Experience in the Bellevue Laboratory indicates that successive de- 
terminations by the Pick method check remarkably weU. The technical arrange- 
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ments were somewhat more complicated during the comparative studies, however, 
and physiological factors on this account may have been greater. 

In the case of the Fick procedure, duplicate blood gas analyses are required to 
check within 0.2 volumes per cent. Because the value for mixed venous blood is 
subtracted from the value for arterial blood, the errors might be additive and thus 
amount to 0.4 volumes per cent. If an arterio-venous difference of four volumes per 
cent is assumed, technical errors in blood gas analysis may result in a ten per cent 
error in cardiac output determination. Added to this is a small error in the determi- 
nation of oxygen consumption. The less tangible errors are related , to the mixed 
venous sample and the steady state of the patient. The total error of the 


TIME IN SECONDS 



Fig. 2. A REPRESENTATIVE BYE 
CONCENTRATION CURVE {Case 27). 
Injected 0.98 cc. of 0.5 per cent 
T-1824, total = 4.9 mgm. Sj = 
19.0mgm./J.; S« = 20.3; Sj = 2.0; 
S = 41.3 mgm./l. Cardiac output 

= 60 X “ = 7.1 l/min..- 
41 .0 


Fick method probably seldom exceeds.15 per cent. In any case, when the estimated 
errors in the two .methods are considered and a possible physiological variable in- 
cluded, a scatter of 25 per cent in the results of the two methods is to be expected. 

StnUMARY 

The dye injection method and the direct Fick method of measuring the cardiac 
output were compared in 48 almost simultaneous determinations on 31 different 
subjects. The results agreed within 25 p^r cent in all but six determinations. The 
distribution of results about the line of identity was symmetrical, so that the average 
of all determinations by one method was almost identical to the average by the other. 
The scatter was no greater than would be expected when known inaccuracies in both 
methods are considered. 
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The data include parallel determinations of cardiac output at rest and during 
light and heavy exercise in normal individuals, and measurements at rest and oc- 
casionally during light exercise in patients suffering from various cardiorespiratory 
diseases. 
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MEASUREMENT OF THE CIRCULATING RED CELL VOLUME 
WITH METHEMOGLOBIN-TAGGED CELLS 

JAMES C. MOORE, 0 . W. SHADLE, and HAMPDEN C. LAWSON 
From the Department of Physiology’, University of Louisville School of Medicine 

LOUISVILLE, KENTUCKY 

M ALASSEZ (i) appears to have been the first to suggest that the volume of 
circulating cells might be measured by injecting identifiable foreign cells 
and noting the ratio in which they appear in the circulating mixture. If 
identification of the injected cells depends upon differences in their size or shape 
however, as Malassez pointed out, the ratio is of questionable significance, since such 
cells may not be distributed within the circulation in the same way as the native 
erythrocytes. Nizet (2) has recently described a method for labeling red cells 
visually without deformation, by treating them with phenyUiydrazine to produce 
intracellular Heinz bodies. The method in most frequent current use achieves a 
non- visual tagging of the red cells by incorporating a radioisotope of iron in the 
hemoglobin of maturing cells in a donor animal (3). The injected cells are identified 
in the circulating mixture by their radioactivity. 

Erythrocytes may be said to be labeled or tagged if they contain an identifiable substance, differ- 
ing qualitatively or quantitatively from the constituents of other cells. No exchange of the labeling 
constituent with other cells or fluids can be permitted to occur if the labeled cells are to be used for 
an indirect measurement of the circulating cell volume. Cells containing carbon-monoxide hemo- 
globin, for example, would rapidly lose their identity within the circulation by diffusion of carbon 
monoxide to plasma, to other red cells, to tissues outside the blood vascular system and to the alveolar 
air (4), It seems equally doubtful that the isotope P’- can be used for tagging red cells, even if it is 
incorporated within the immature erythrocytes of a donor animal, as described by Hahn and Hevesy 
(s). Mature erj'throcytes have been shown to take up P® rapidly in vitro (6, 7). If cells containing 
this substance are injected into the circulation, it therefore seems probable that some exchange with 
plasma and with other cells will occur. 

Erythrocytes containing abnormal amounts of methemoglobin should, on the other hand, be as 
effectively labeled, although for a shorter period, as those containing isotope-iron hemoglobin. They 
lose their methemoglobin slowly by enzymatic reduction of the ferric iron, the process taking place 
within the red cells themselves (8). In methemoglobincythemia, the rate of disappearance of meth- 
emoglobin from blood has been reported to be the same in vivo and in vitro (9). This obseiwation, 
which is confirmed in the present study, is supporting evidence that reduction within the erythrocytes 
is the only process which removes intracellular methemoglobin from the circulation and suggests, in 
addition, that the rate of reduction is relatively uninfluenced by physiological variables. In the 
present study, suspensions of cells containing methemoglobin were injected into the circulation, and 
the circulating cell volume was calculated from the methemoglobin content of the circulating mixed 
blood. If all of the injected methemoglobin is intracellular, the concentration in mixed blood should 
yield the ratio of injected to native cells. 

METHODS AND EEStTLTS 

Methemoglobin was formed in freshly drawn, heparinized dog blood by adding 
sodium nitrite in the proportion 50-100 mgm. to 100 cc. blood, and allowing to stand 
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for 10 to 1 5 minutes. Excess nitrite was then removed by adding 5 times the amoimt 
of ammonium sulfamate (10). The plasma was removed by centrifuging, and the 
cells were washed twice by resuspending and centrifuging in their own volume of 0.9 
per cent NaCl solution. The white cell layer was drawn off as completely as possi- 
ble along with the supernatant fluid in this part of the procedure. Enough saline was 
left on the red cells after the last washing to give a hematocrit in the neighborhood of 
75 per cent for the final cell suspension. 

Methemoglobin was determined in samples of the cell suspension and of circulat- 
ing whole blood by the spectrophotometric method of Horecker and Brackett (rr) 
using a Coleman lo-S spectrophotometer at 800 mjj. This method obtains methemo- 
globin concentration from the decrease in optical density when methemoglobin is 
converted to cyanmethemoglobin. Since only a ratio of concentrations is required 
for the present purposes, the optical density values need not be converted into grams 
of methemoglobin. All samples were immediately pipetted in volumes of i cc., after 
oxalation when necessary, into 10 cc. of an alkaline borate buffer containing saponin 
and agitated to complete hemolysis. It has been shown that the reduction of met- 
hemoglobin is greatly retarded if the cells are hemolyzed in a large volume of diluent, 
apparently by disorganization of the cellular enzyme systems (12, 13). The met- 
hemoglobin content of the hemolyzed samples remained constant, by our methods, 
for periods of 4 to 5 hours and was, therefore, read as the content at the time of 
sampling. 

The data which are required for the calculation of the circulating cell volume 

Q , 

are shown in the general formula: Cell volume = z jir, where Q is the quantity 

of intracellular methemoglobin injected, Cm is the concentration of intracellular 
methemoglobin in the circulating blood after the injection and Cc is the concentration 
in blood before the injection. Since the actual determinations were made on whole 
blood, the intracellular concentrations required by the formula were obtained from 
the hematocrits, the concentration of methemoglobin in unit volume of packed cells 

being obtained by multiplying the whole blood concentration by , r. The 

hematocrit 

hematocrits were obtained as the ratio packed cells: total volume in Wintrobe tubes, 
by methods which have been described previously (14). Justification for converting 
whole blood to packed-cell methemoglobin is based on consistently negative tests for 
methemoglobin in the plasma phase both of our injected cell suspensions, and of the 
circulating blood samples after the injection. The detailed formula is accordingly; 


Cell volume = 


Mi X Vi 



- Vi X Hti 


where Mi is the methemoglobin content of i cc. of the injected cell suspension Vi 
is the volume of suspension injected. Mo is the methemoglobin content of i cc of 
arterial blood before the injection and Hto the arterial hematocrit at that time Me is 
the methemoglobin content of i cc. of arterial blood after the injection and Elc ie 
at that time. The volume of ceUs injected is obtained from Vi 
and the hematocrit of the injected suspension, Hti, and is subtracted as shown in the 
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formula. All methemoglobin contents in tliis formulation are arbitrarily expressed 
as the optical densit}’- values given by i cc. in our standard spectrophotometric pro- 
cedures. 

It is not only essential, for our purposes, that the injected methemoglobin be 
entirely intracellular, as shown by the absence of methemoglobin from the plasma; it 
is equally important that no additional methemoglobin be formed within the circu- 
lation, following injection of the cell suspension, as might occur if excess nitrite were 
present in the injected material. After treatment with sulfamate and washing as 
described above, the liquid phase of our cell suspensions consistently gave negative 
starch-iodide tests for nitrite. The final requirement that the methemoglobin- 
containing cells be distributed throughout the vascular S3’^stem in the same manner 
as normal cells is not capable of direct examination. Hemolysis has only rarely been 
observed at any stage in the preparation of the cell suspension, and such preparations 
have been discarded. In a limited number of trials, the packed cell volume has been 
read at intervals during the processing and has never differed by more than 9 per cent 
from the initial volume, suggesting that the mean corpuscular volume is not signifi- 
cantly altered. The resistance of the cells to hypotonic hemolysis at the end of the 
processing has been found to be the same as that of untreated cells from the same 
source. Figure i is a comparison of methemoglobin disappearance rates in vivo and 
in vitro. It w'as obtained by injecting a methemoglobin cell suspension, withdrawing 
blood after circulatory mixing was complete, and incubating the drawn blood at 38° C. 
Both the incubated and the circulating blood were sampled at intervals during the 
following two hours to obtain the curves shown. Such identity of in vitro and in vivo 
disappearance rates as is shown in the figure could hardly obtain if there were dis- 
criminatory treatment of the injected cells within the circulation. 

All the measurements of circulating cell volume in the present study were made 
on splenectomized dogs in a steady state of barbital anesthesia. The cell suspension, 
immediately after sampling for its methemoglobin content, was injected as rapidly 
as possible into a cannulated femoral vein in a volume of 30-70 cc. Time was 
counted from the end of the injection, which was usually completed within 30 seconds. 
Arterial samples were drawn from a brachial artery at intervals of one to ten minutes 
thereafter, by methods which are described elsewhere (14)- Figure 2 shows repre- 
sentative curves of methemoglobin disappearance from arterial blood following the 
injection. In about half the experiments, data resembling the lower curve in the 
figure were obtained, the rate of disappearance being exponential throughout. In 
the remainder, an excessive rate of disappearance was recorded for the first two to 
five minutes, as in the upper curve. During the brief initial phase of rapid dis- 
appearance, arterial hematocrits also declined, as happens following the injection 
of a large volume of a concentrated suspension of normal cells (14)- The excessive 
fall in cellular methemoglobin is accordingly attributed to mixing of the injected 
cells within the circulation. Alternative explanations seem to be excluded by the 
data presented below. 

Table i shows the reliability of tire method when it is applied to the measurement 
of a known volume of drawn whole blood. The accuracy appears from the table to 
be of the order of r to 2 per cent, with no evidence of a systematic error leading to 
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under- or over-estimation. There appears to be no gain or loss of metliemoglobin 
when the two bloods are mixed in vitro, the mixture having the expected mean met- 
hemoglobin content. Since studies such as these fail to distinguish intracellular from 
extracellular methemoglobin, they serve as imperfect controls. Within the circula- 
tion any methemoglobin which escapes to the plasma would be expected to leave tlie 
circulation quickly, with a resultant lowering of the whole blood methemoglobin 
concentration and an over-estimation of the circulating ceU volume. 



Fig. I. Comparison of rate of disappearance of methemoglobin from the arterial blood of 
barbitalized dog (upper curve) with the rate of disappearance from a sample of the same blood incu- 
bated at 38°C. in a flask (lower curve). Methemoglobin cell suspension was injected intravenously 
at time o, the blood for incubation was drawn at 10 minutes, and both the incubated and the circu- 
lating blood were sampled at the times shown. Rate determined by the least squares law. The 
methemoglobin content of 1 cc. whole blood has been converted to the content of i cc. of packed cells 
by multiplying by loo/hematocrit (see text). Methemoglobin values are stated arbitrarily as optical 
density readings! 

Fig. 2. Disappearance of methemoglobin from arterial blood following the intravenous injec- 
tion of a methemoglobin cell suspension. The upper and the lower curve give the data obtained in 
two different dogs. The injection of the cell suspension was completed at time o. Both curves are 
e.xtrapolated to time o as shown, to obtain the methemoglobin concentration used in the calculation 
of cell volume (see text) . Since the cell suspension is sampled just before its injection, all the methe- 
raoglobin values used in the calculation are obtained simultaneously. Methemoglobin contents 
stated as in fig. i. 


Table 2 gives the values obtained for the circulating cell volume in a group of 
dogs^ by the present method, and by three other procedures. All the values were 
obtained within a three-hour period, with the animal in a steady state except as 
disturbed by the measurements. The volumes shown in the table have been cor- 
rected for cells added or withdrawn in the procedures. The three comparative cell 
volumes were obtained by: c) multiplying the arterial cell: plasma ratio by the 
plasma volume as obtained with the dye T-1824 by the method of Gibson and Evans 
K ;; a^erial cell-.plasma ratio by tlie plasma volume as obtained 

by the dye decrement’ method recently described (16), and c) calculation from the 
change in arterial hematocrit following injection of plasma or cell concentrates (ly) 
As IS shown in the table, the methemoglobin tagged-ceU method gave values which 
j ere usua ly fairly close to those calculated by tlie hematocrit-change method The 
he.a.„cnt..„crens=. values in the table vete obtained stault. "eoXtl fte 
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Table i. In vitro determinations of a volume of whole blood by the 

METHEMOGLOBIN METHOD 


EXP. NO. 

hlHb CELL 
SUSPENSION USED 

WHOLE BLOOD 
MEASURED DIRECTLY 

WHOLE BLOOD 

BY MHb METHOD 

ERROR MHb METHOD 

1 

CC, 

CC, 

CC. 

% 

I 

20 

325 

324 

— 0.02 

2 

20 

310 

313 

1. 01 

3 

10 

3SS 

349 

0 

H 

1 


Table 2. Comparison of circulating cell volume as obtained by the methemoglobin 


TAGGED CELL METHOD, AND AS CALCULATED BY OTHER METHODS 


DOG NO. 

MHb 

PVdi X c/p 

PVdd X c/p 

HEMAT( 

Increase 

JCRIT CHANCE 

Decrease 

I 

356 

448 

420 

341 

361 

2 

347 

471 

385 

. 363 

337 

3 

301 

404 

323 

274 

287 

4 

287 

416 

391 

329 

330 

s 

524 

797 

613 

SS 3 

576 

6 

223 

33 S 

313 

289 

261 


Methemoglobin values are given in the column headed ‘MHB.’ The column headed ‘PVdi X c/p’ gives the values 
obtained by multiplying the convcntioned dye-injection plasma volume by the cell; plasma ratio of arterial blood. The 
next column gives a similar calculation, except that the dye-decrement plasma volume is substituted. The last two 
columns give the values calculated from the change in arterial hematocrit, “Increase” being the value obtained when the 
hematocrit was increased by injecting the methemoglobin cell suspension, and ‘Decrease’ when the hematocrit was de- 
creased by injecting plasma. The plasma injection was used for obtaining the latter value, and also for obtaining the 
dye-decrement plasma volume. All volumes are given in ccm., and are corrected for cells added or withdrawn between 
measurements. Maximum interval between measurements, 3 hours. 


Table 3. Cell volumes (ccm.) 


DOG NO. 

DRAWN (— ) 
OR ADDED 
(+) 

METHEMOGLOBIN METHOD 

PVdi X c/p METHOD 

Final 

circ. 

Final circ. 
corrected 

Initial circ. 

% change 

Final circ. 
corrected 

Initial 

circ. 

% change 

7 

39 

551 

512 

497 

3-0 




8 

40 

638 

598 

548 

9.0 




9 

41 

498 

457 

446 

2.4 




10 

40 

59° 

550 

533 

3-1 




II 

-307 

327 

634 

648 

— 2.2 

648 

719 

-9.8 

12 

! —222 

158 

380 

391 

— 2.8 

423 

513 

— 17.6 

13 

—216 

13 1 

347 

340 

2.0 

558 

718 

— 22.3 

14 

-239 

311 

550 

553 

- 0-5 

566 

654 

-15.0 

IS 

—216 

350 

566 

531 

6.6 

633 

741 

— 14.6 . 

16 

— 420 

557 

977 

1006 

-3-0 

— 

- 




ineioiai volume oi ecus aaaea or witnarawn Dcvweeii u»e iwu iucabuicuicuta r ii 

in the first column. The next 3 columns give, in sequence, the final circulating cell volume, this value corrected for cc s 
added or ^vithdrawn, and the initial circulating cell volume. The fifth column shows the apparent.change in *^*^^J* ^ 
cell volume, as a percentage of the initial value. In the lower group of 6 dogs similar data were also obtained or ce 
volume as calculated from the conventional dye-injection plasma volume and the arterial hematocrit, and are 
condensed form in the last 3 columns. Values for cells added or withdrawn were obtained from the volume o woe 
blood and the hematocrit. Interval between initial and final measurement of circulating volumes i to 2 hours. ^ 
large cell withdrawals in the lower group were obtained by repeated small bleedings with 4% gelatin solution replaccmen 
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tagged-cell values, by injecting a rather large volume of tagged cells and reading 
both the hematocrit increase and the methemoglobin increase. It has already been 
pointed out that the hematocrit-change calculation is valid only if the arterial hemato- 
crit has a constant relationship, in a given animal, to the total body hematocrit. 
Since this assumption does not limit the validity of the tagged-cell calculation, the 
latter should theoretically give a more reliable value. Trapping or hemolysis of the 
injected cells, however, should introduce the same error into the tagged-cell and the 
hematocrit-increase calculation. The hematocrit-decrease values of the table were 
obtained by inj ecting plasma. Their reliability is based on the same basic assumption 
as the hematocrit-increase values, but they cannot be in error because of trapping or 
hemolysis of injected cells. It is to be observed that in those cases in the table where 
the methemoglobin tagged-cell value disagrees with the hematocrit-change value, it 
disagrees almost equally with both the methods of obtaining the latter. This would 
not be expected if the tagged cells were subjected to abnormal distribution or treat- 
ment within the circulation. It seems likely that in these cases both hematocrit- 
change values are in error because of an error in the assumption of a constant ratio 
between arterial and total body hematocrit. 

Table 3 summarizes the data obtained with repeated applications of tlie met- 
hemoglobin method. In the first group of animals nothing was done between the 
first and the second measurement of cell volume, except for the injection of cells for the 
first measurement and the sampUng. As shown in the table, when the value ob- 
tained on the second measurement, about an hour later, is corrected for these known 
changes, it is in fairly good agreement with the first. The correction for added cells 
would have been too large, and the second values correspondingly lower than the 
first; if the tagged cells injected for the first measurement had been removed from the 
circulation. No significance is attached, in this small series, to the fact that the 
second value, with the corrections applied, is slightly larger than the first. 

In the second group of animals in table 3, a measured loss of cells was produced 
by bleeding after the first determination, and the blood was replaced with 4 per cent 
gelatin solution. When the cell volume found by the methemoglobin method after 
the hemorrhage was corrected for the volume of cells drawn, it was always in good 
agreement with the pre-hemorrhage volume. Such agreement was not obtained when 
the circulating cell volumes before and after the bleeding were calculated from the 
dye-injection value for plasma volume and the arterial hematocrit. As shown in the 
table, the cell volume obtained by this calculation was always excessively reduced b}>- 
bleeding, in agreement with previous reports (18). 


DISCUSSION 

Systematic errors in an indirect measurement of the circulating cell volume may 
conceivably be such that: 

C.V. = M X a, or, that C.V. = M -f a, 
where C.F. is the true cell volume, M is the volume obtained by the method and a 
IS a correction factor. If errors of the first type are present the addition or with- 
drawal of cells will cause paradoxical changes in the value obtained by remeasure- 
ment, unless It happens that an identical error exists in the direct in vitro measure- 
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ment of the volume added or withdrawn. The balance obtained in the present 
studies when the methemoglobin values for circulating cells are added to direct 
measurements of the volume bled or injected suggests that the two measurements are 
of the same order of reliability, so far as errors of the first type are concerned. Both 
are limited by the accuracy with which the hematocrit reveals the true ratio of cell 
volume to plasma volume in a sample of whole blood. Even a large error in the 
hematocrit, if it remained constant, would not disturb the balance in our studies. 

None of our data present direct evidence for or against errors of the second type. 
Systematic errors of this sort seem unlikely, however. In order for them to exist, a 
certain fixed volume of circulating cells would have to escape detection by the met- 
hemoglobin method, if the error is negative; or some of the injected methemoglobin 
would have to escape into a fixed volume outside the circulating cells, if the error is 
positive. It is hard to believe that in either event, the volume error would remain 
constant through the large bleedings and infusions of the present studies. 

For the present purposes the validity of the spectrophotometric method for the 
measurement of methemoglobin does not appear to be an important issue. Ar- 
bitrary readings are obtained on blood before and after the injection, and on the in- 
jected cells. It does not matter whether the labeling constituent is methemoglobin 
alone, or whether it is methemoglobin plus some other abnormal substance within the 
cells, so long as it has the properties disclosed in these studies. The method is simple 
in application and requires only the usual laboratory facilities. It could probably 
be simplified still further, since the long series of samples taken after the injection in 
the present studies is used only to establish a disappearance rate which seems to be 
the same as in incubated blood. Facilities were not available for comparing directly 
the methemoglobin method with the radio-iron method. Both methods give values 
for the circulating cell volume, however, which are consistently less than the values 
calculated from the hematocrit and the dye-injection plasma volume, the difference 
being of the same order of magnitude (3, 19). 

SUMMARY 

The circulating red cell volume was calculated in splenectomized, barbitalized 
dogs from the methemoglobin content of arterial blood after injecting a suspension of 
red cells containing large amounts of methemoglobin. Calculations of the cell volume 
were also made in the same animals from the conventional dye-injection (T-1824) 
plasma volume and the arterial hematocrit, from the dye-decrement plasma volume 
and the arterial hematocrit, from the increase in the hematocrit resulting from the 
injection of the cell suspension, and from the decrease in the hematocrit resulting from 
plasma injection. The methemoglobin method gave values which were consistently 
smaller than those calculated from eitlier plasma volume, the dy'-e-injection plasma 
volume always yielding the largest value. The methemoglobin value was usually 
fairly close to both the values calculated from the hematocrit change. Both the 
latter values, i.e., hematocrit decrease with plasma injection and hematocrit increase 
with cell injection, were in fairly good agreement even when the methemoglobin value 
was significantly’- different. 
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Second measurements with the metliemoglobin method after the cell volume had 
been increased by injection or decreased by hemorrhage (arterial pressure maintained 
by gelatin infusion in the latter) gave values which agreed satisfactorily with the 
expected values as obtained from the initial cell volume and the volume added or 
withdrawn. 
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ADAPTATION OF THE TAIL PLETHYSMO GRAPH TO BLOOD 
PRESSURE MEASUREMENT IN THE MOUSE WITH SOME 
OBSERVATIONS ON THE EFFECTS OF TEMPERATURE^ 

H. C. WU 2 AND M. B. VISSCHER 
From Ihe Department of Physiology, University of Mmnesola 

MINNEAPOLIS, MINNESOTA 

T he tail plethysmograph method of blood pressure measurement in the intact 
animal has been subjected to critical evaluation in the case of the rat but not 
in the mouse. The various factors of importance, such as pressure cuff 
diameter and length, membrane elasticity and plethysmograph temperature, which 
can be predicted to influence the resulting readings, have not been evaluated. This 
report will present some data on the effects of these factors. It may |be noted that 
Kunstman (i), Bonsman (2), Williams, et al. (3), Beck et al. (4) and McMaster (5) 
have studied blood pressure in the intact mouse. The last-mentioned author' em- 
ployed a leg pressure cuff, noting the point at which capillary flow in the foot ceased, 
and checked the values against direct measurement of mean carotid artery pressure. 
Other workers have not validated their methods by comparison with direct recordings. 

METHODS 

The apparatus used in this study is shown assembled in figure i. The apparatus 
consists essentially of two parts; namely, a) an elastic membrane cuff which is in 
communication with a pressure bulb and a mercury manometer for occluding the 
blood flow to the tail and for indicating the arterial pressure of the tail and b) a 
plethysmograph for detection of the volume changes of the tail. In addition, there 
is an animal holder to confine tlie unanesthetized mouse. 

The design of the apparatus is somewhat similar to that described by Byrom and Wilson ( 6 ) 
for the measurement of the blood pressure of the rat, but details have been modified in several respects. 

The construction of the pressure cuff is shown in figure 2. It is essentially a thin latex tube 
w’hich is supported by a brass chamber. It is of disc shape, being 12.5 mm. in diameter and 8 mm. 
in width. In the center there is 5.2 mm. diameter aperture around which there is a flange of i mm. 
width. The cuff width and diameter can be varied over db 10 per cent without change in results. A 
segment of latex tube about 12 mm. long with the diameter of the cuff chamber is passed through the 
hole and folded over at both ends on the flange and is fixed there by tying with two or three loops of 
fine strong thread around the recess (see fig. 2C). Into the side of the chamber there is soldered a 
piece of 1.5 mm. bore brass tube which commimicates with the interior space of the chamber, so that 
when air is forced in, the latex tube is collapsed. Mechanically, the brass chamber is made by solder- 
ing two portions as shown diagrammatically in figure 2D. Each portion is prepared by counter- 
boring and drilling a segment of brass rod. In the smaller portion there is provided a thin shoulder 
which is just thick enough to center the two portions together for soldering. 


Received for publication March i, 1948. 
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t-vif SHOWING THE DIMENSIONS and construction of the pressure cuff for the mouse 
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The latex’ tube is the critical element of the cuff and should receive special attention. The 
thickness and elastic properties of the tube are important factors which, among others, determine the 
accuracj' of the method. If the tube is too rigid the higher pressure necessary to close the lumen will 
obviously result in fictitiously high blood pressure readings. Ideally, the tube should be so disten- 
sible that negligible pressure is necessary to cause it to close the space around the tail where the latter 
is inserted in the cuff. Actually, however, a rubber tube of such properties will not withstand pres- 
sures of the order of magnitude of the blood pressure without rupture. In practice it has been found 
that latex tubes which are totally collapsed in the empty cuff at not more than 50 mm. Hg yield 
blood pressure values which coincide closely with direct measurements. 

The plethysmograph employed consists of two glass tubes. The inner tube is 
the plethysmograph proper, while the outer one, which covers the greater part of 
the inner tube, serves as a water jacket (see fig. i). The plethysmograph proper is 
about 10 cm. long and about 0.7 cm. in diameter. It is provided with a capillary 
side tube with a bore of about 0.5 mm. The opening of the plethysmograph is pro- 
vided with a screw-capped gland made of brass. The hole in the middle of the cap 
should be just large enough to let the root of the tail pass through. We have pre- 
pared several caps with holes of different sizes to fit various sizes of tail. The plethys- 
mograph is filled with distilled water, colored with Congo red. The tail of the mouse 
is directly immersed in the water. The junction at the gland is sealed with soft 
surgical soap. Changes in the volume of the tail are indicated by the movement of 
the meniscus in the capillary tube. The outer water jacket controlling the tempera- 
ture surrounding the tail has side tubes serving as inlet and outlet, respectively, for 
circulating water of constant temperature from a thermostat. 

The animal holder of the type indicated has proven satisfactory for confining 
the unanesthetized mouse without struggle. It is made of screen wire mesh moulded 
and fastened on a wood board and is of such a size and shape as just to fit the head 
and body with the tail protruding from the holder. A thin sheet of Incite with a slot 
for the tail is fixed with metal pins against the open end of the animal holder. The 
head end of the holder is covered by a piece of cotton so as to minimize light stimula- 
tion. This latter device is helpful in keeping the animal quiet. 

In practice, the mouse is gently put into the holder and allowed to become quiet 
before use in study. After the cuff is applied to the root of the tail, the remainder of 
the tail is inserted through the hole in the plethysmograph cap which has aheady been 
filled with surgical soap. Finally, the head end of the animal board is tilted up to 
allow the tail to fall into the plethysmograph, after which the cap is screwed down. 
It is essential to avoid air bubbles remaining inside the plethysmograph. 

Before a blood pressure measurement the rubber tubing between the cuff and the 
air-reservoir bottle is temporarily clamped, and air is pumped into the bottle to 
raise the pressure inside to about 50 mm. Hg higher than the predicted systolic blood 
pressure of the animal. Then the clamp is released to inflate the cuff quickly so as 
to avoid pooling of venous blood. This sudden inflation of the cuff may give the 
animal a stimulus and produce some excitement. When the animal has become quiet 
the pressure of the cuff is lowered until the meniscus in the capillary begins to move 

’ The properties vary with different latex preparations. The vultex GL-iS-C Moulage from the 
Latex and General Corporation, Cambridge, Mass., was found to be satisfactory. 
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outward. The level of the mercury manometer at the moment steady outward move- 
ment begins is taken as the blood pressure of the tail artery. Since the movement of 
the meniscus caused by the moving of the tail or body is not a continuous process, 
it can be easily distinguished from that produced by the real expansion of the tail 
volume due to the inflow of the arterial blood. When the pressure of the cuff is 
lowered further, the outward movement of the capillary meniscus will be followed by 
a rapid retreat, occurring with resumption of the original tail volume due to escape 
of venous blood. Three or four successive readings two to five minutes apart are 
taken. 

Comparison of direct and indirect pressure readings. Mice of 28 grams or more 
were anesthetized with intraperitoneal nembutal, o.i mgm. per gram body weight. 
Heparin in a dose of i mgm. was also given intraperitoneally. The carotid artery 
was cannulated with a 27-gauge needle and connected with a Stratham strain gauge 



Fig. 3. Comparison of direct and indirect blood pressure readings in the mouse. Tail plethys- 
mograph temperature, 42° to 43°C. 

Fig. 4. Extent of variation of simultaneous readings obtained by the indirect and direct 
methods in mice at temperatures of the plethysmograph below 4o°C. 

manometer of such sensitivity that i mm. scale deflection equalled 2 mm. Hg pressure. 
This instrument with the connections used does not have a natural free period short 
enough to record phasic changes in blood pressure. The readings represent mean 
arterial pressure. 

Simultaneous readings of blood pressure by the direct and indirect methods were 
made on 13 mice, with ten or more observations under various conditions on each. 
The results are presented in figures 3 and 4. In the former the values obtained with 
plethysmograph temperatures at 42 to 43°C. are plotted. It is apparent that there 
IS a tendency for the indirect reading to be a little higher, 5 mm. Hg on the average, 
than the direct reading at pressures above 80 mm. Hg. At lower blood pressures', 
45 to 60 mm. Hg, the indirect values tend to be on the low side. 

_ Since m the rat it has been shown (7, 8) that the tail plethysmograph yields 
fictitiously low blood pressure values unless the temperature is above 42°C. it seemed 
important to test the question in the mouse. Here, as appears in figure 4, the cor- 
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respondence between direct and indirect measurements is not significantly in- 
fluenced by temperature between 20° and 39°C. At aU temperatures the tendency 
to a slightly higher indirect than direct pressure reading is seen. It may be noted that 
the above statements do not imply that tail temperature has no effect on mouse blood 
pressure, but rather that the tail temperature does not affect the validity of tlie 
plethysmograph method of measurement. 

Effect of tail temperature on blood presstire. During the course of the above- 
described experiments it was noted that at high ]jlethysmograp]i temperatures the 
bipod pressure as measured by both direct and indirect means tended to rise, and to 
fall when the tail was cooled. An example of this phenomenon is shown in figure 5. 



Fig- _S- Blood pressure readings by indirect and direct measurements in the nembutalized 
heparinized mouse in relation to tail plethysmograph temperature. 

It should be noted tliat these effects were observed under nembutal, and that the 
unanesthetized mouse does not tolerate a temperature of 42°C. witliout struggle. 

DISCUSSION 

In order to obtain blood pressure measurements in the intact mouse by tail 
plethysmography it is essential to control the dimensions and elastic characteristics 
of the occlusion cuff, as has been described above. Values so obtained agree within 
a few mm. Hg with direct measurements of mean arterial pressure, usually exceeding 
the latter slightly. A limiting factor in accuracy is the inevitable and slightly vari- 
able to-and-fro movement of fluid in the capillary with the respiratory cycle. This 
prevents accurate detection of the smallest volume change at the height of systole 
when the cuff pressure is below the systolic pressure but above the mean. It does 
not, however, prevent making repeated readings which agree very closely. There- 
fore, the method is accurate for comparative purposes, and especially for measuring 
changes in blood pressure. 

It may be noted that the close agreement between direct and indirect readings 
at various plethysmograph temperatures is fortunate for certain types of study and 
is different from the case in the rat. The mouse tail is not covered with as thick a 
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homy layer as in the rat. This may account for a greater sensitivity of plethysmo- 
graph readings in the mouse. On the other hand the tail artery in the rat may con- 
strict at its base at lower temperatures, thus actually lowering the pressure in the 
shaft. 


SUMMARY 

1. The details and principles of construction and operation of a tail plethysmograph 
for blood pressure measurement in the intact mouse have been described. 

2. The indirect method of blood pressure measurement has been validated by . 
comparison with simultaneously recorded direct measurements of mean blood pressure 
over a range of pressures and temperatures in several mice. 

3. The tail plethysmograph method of blood pressure ineasurement in the mouse 
is not invalidated by working at room temperature. However, the true blood pres- 
sure is altered by tail temperature changes in the range between 20° and 43°C. 
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PRESSOR SUBSTANCES IN DOG PLASMA INCUBATED WITH 

RENIN 

ELEANORE TRIPP and ERIC OGDEN 
From the Department of Physiology, University of Texas Medical Branch 

GALVESTON, TEXAS 

T he incubation of a mixture of renin with plasma produces pressor activity. 
Page (i) and Braun-Menendez and others (2) have separated from such 
mixtures a heat-stable, dialyzable, alcohol-soluble polypeptide called angio- 
tonin or hypertensin. This is usually believed to be the only pressor product of the 
reaction between renin and plasma. This behef is the basis of the method of Braun- 
Menendez (3) for the assay of small quantities of hypertensinogen (renin substrate) 
in plasma. 

The following report re-examines the pressor effects resulting from the reaction 
between renin and plasma and throws doubt upon the acceptability of the usual 
simple explanation. 

METHOD 

Angiotonin was prepared by incubating a small excess of angiotonase-free hog 
renin with dog plasma at 37°C. for 20 minutes (ca. 0.5 Leloir units (3) renin per cc. 
plasma). The proteins were removed by precipitation with four volumes of 95 per 
cent alcohol which was then rapidly evaporated from the acidified filtrate by boiling 
in an open beaker. 

Dog plasma was incubated with the same proportion of hog renin at 37°C. for 
20 minutes and the whole mixture injected. The possible pressor action before in- 
cubation was controlled by testing the mixture of plasma and renin immediately 
after mixing. 

The tests were made by intravenous injection of from 0.2 to 8.0 cc. of the test 
material at about lo-minute intervals into a cat, either pithed under ether or anes- 
thetized with sodium pentobarbital. The trachea was cannulated and oxygen re- 
breathed through soda lime. The blood pressure was recorded from the carotid 
artery with a membrane manometer. All the data here presented are measurements 
of diastolic pressure from such a record. 

RESULTS 

Figure i is a k)Tnograph record of such tests. Numbers 13, 14 and 15 show the 
response to increased doses of angiotonin (i, 2 and 3 cc., respectively). The response 
to i.o cc. was maximal. Further increases were not obtained by increasing the dose. 
This suggests that in this cat any response greater than 40 mm. Hg (the maximum 
response to angiotonin) would indicate the presence of a pressor or potentiating agent 

Received for publication February 27, 1948. 
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not present in this preparation of angiotonin (provided there was no change in the 
sensitivity of the cat). 

Numbers 10 and ii show responses of the cat, at about the same time, to in- 
jections of a mixture of fresh dog plasma incubated with hog renin at 37°C. for 20 
minutes. The responses were greater than the greatest response obtained by the 
injection of alcohol-extracted angiotonin made from plasma of the same dog. 

Figure 2 is a graph of the data measured from the same experiment as figure i. 
Numbers 7, 8, 10 and ii show responses to injections of incubated plasma; numbers 
5, 9, 13, 14 and 15 show responses to angiotonin. The serial numbering indicates 

V-'«o ,0 ,, 

— O |< to miM >1 

Fig. I. Kymograph record showing effect of injections of test material (see text) on carotid blood 
pressure of anesthetized cal. 




Fig. 2. Blood pressure rise produced in anesthetized cat by injections of angiotonin (triangles) 
and incubated mixtures of renin and dog plasma (squares). Ordinate: mm. Hg rise of diastolic 
blood pressure. 

Fig. 3. Blood pressure rise produced in anesthetized cat by injections in random order of 
angiotonin (open and closed triangles represent two different preparations) and incubated mixtures 
of renin and plasma (squares). Ordinate: mm. Hg rise of diastolic blood pressure. 

that the difierences in response were not due to a change in the sensitivity of the 
cat (the question raised in an earlier paragraph). 

Figure 3 presents data from 19 injections given to the same cat over a period 
of five hours. The black line is an exponential curve fitted graphically, passing 
tlirough o and asymptotic to 42, the average of all the points representing doses of 
angiotonin of i.o cc. or greater. Two different preparations of angiotonin were used 
to show that the phenomenon discussed was not peculiar to one angiotonin prepara- 
tion. This accounts in part for the scatter of the triangles. 

The squares represent injections of incubated plasma and renin and show re- 
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sponses greater than those obtained from angiotonin. The mean of the six highest 
points of the angiotonin curve is 42 (maximal response to angiotonin) with a standard 
error of 1.27 ; the mean of the six highest plasma points is 53 with a standard error of 
1.40. This is a difference of ii mm. Hg. The standard error of the difference, i.Sp 
(giving an x/cr of 5.8), may be considered significant since it would rarely occur by 
chance. (The lowest plasma reading was the last given to this cat. Since it in- 
dicated that the animal was becoming insensitive, the experiment was discontinued. 
However, if this reading is included, the difference between the mean of all seven 
plasma points and the six angiotonin points is 9 with a P = < .01 as indicated by the 
t test.) 

Table i shows data from five experiments selected from a large number in which 
various angiotonin preparations and plasma from many dogs were used. In each 
of these cases a greater response was obtained from freshly incubated plasma and 
renin than the greatest response obtainable from any amount of angiotonin. 

The values given for maximal pressor responses to angiotonin are smaller than 
many appearing in the literature. Since the phenomenon here reported concerned 

Table i. Comparison of blood pressure responses 



MAXIMAL DOSES 

PLASMA + RENIN 

DATE 

ANGIOTONIN 

(20 MIN.) 

2-19-47 

24 

70 

2-21-47 

10 

58 . 


10* 


3-26-47 

46 

S8 


43 * 


4 - 10-47 

17 

22 

5- 2-47 

31 

44 


*Two different angiotonin preparations, 

responses greater than maximal angiotonin responses, it was necessary to confine the 
work to test animals selected for relative insensitivity to pressor agents. 

Whereas the response to our angiotonin reached a maximum as the dosage in- 
creased, we did not explore the plateau or maximum response obtainable from in- 
cubated plasma and renin in these animals. As the doses increased there was usually 
a progressive linear increase in response. It was not feasible to explore the range 
of doses larger than 8.0 cc. in the cat. 

CONCXITSION 

Since the response obtainable from angiotonin in however great an amount in- 
jected can be exceeded by that produced by an injection of incubated plasma and 
renin, there must be some pressor or potentiating material other than angiotonin in 
the incubated mixture. 

DISCUSSION 

The substance which causes the rise or potentiates angiotonin might be a) a 
product of. the reaction of renin with renin substrate, other than angiotonin; b) a 
product of the reaction of renin with another substrate; c) a product of the reaction 
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between plasma and something other than renin in the renin preparation. A fourth 
possibility is that our angiotonin preparations contain some inhibitory substance. 
The design of the experiments and the timing of the injections were such that an 
agent in the incubating material potentiating the response to angiotonin would not 
have been manifest unless it operated only for a very short time after injection. 
Similarly, if the angiotonin preparation contained an inhibitory substance with any 
lasting efiect, one might expect doses of the incubated material to be less effective 
shortly after injections of angiotonin than at any other time. Within the limit that 
none of our injections were given at shorter than five-minute intervals, this was not 
•the case. 

In the field of experimental hypertension there is a constant stream of new ex- 
periments throwing light on the probable or possible existence of new pressor or 
vasoconstrictor substances. Of these one may mention the following, which seem 
to have received more consideration and discussion than others: pepsitensin (4), the 
persistent pressor substance of Shipley and Hehner (5), the VEM of Shorr (6), the 
unnamed substance recently described by Dr. Schroeder before the Macy Foundation 
Conference (7), and the protein vasoconstrictor substance found in hypertension by 
Page (8). 

Before the experiments here reported are allowed to add another to the list of 
substances whose functions and physiological significance are only partially clear, it 
is important that the experiments be examined for the possibility tliat we may be 
simply presenting one of the previously described substances in a new light. The 
final decision as to whether this is so can best be made by new experiments designed 
by those who are intimately familiar with the behavior of these various substances, 
but an examination of the Uterature suggests that this pressor manifestation which 
we are reporting may be due to the substance that Page has reported as a protein 
vasoconstrictor occurring in hypertension. 

The following features lend evidence toward this conclusion. The substance 
here reported appears only as the result of the reaction between renin and plasma 
which also produces angiotonin, and it has properties somewhat hke those of angio- 
tonin. It would be difficult to demonstrate its existence positively except in cir- 
cumstances such as have been estabhshed by Page. Using the rabbit’s ear perfused 
with Ringer’s solution. Page was able to make the test preparation insensitive to 
angiotonin while it retained its sensitivity to the protein vasoconstrictor substance 
found in the plasma of hypertensives. As to this substance he states, ”... its action 
is quickly and completely abolished by even low concentrations of alcohol or boiling 
nor is it ultrafilterable or dializable.” Therefore it would not appear in our prepara- 
tions of angiotonin because of the alcohol and boiling involved, even though it were 
there in the original incubation from which the angiotonin was made. There is good 
reason to consider further the possibility of the identity of the agent responsible for 
the excess 

STJMilARY 

Crude angiotonin and freshly incubated renin and plasma mixtures were com- 
pared with respect to their capacity to elevate the blood pressure of anesthetized ■ 
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cats. The freshly incubated mixture in adequate quantities produced greater eleva- 
tion of diastolic blood pressure than angiotonin, even though an excess or supra- 
maximal amount was injected. It is concluded that the freshly incubated mixture 
contains a pressor or potentiating material other than angiotonin. 

Acknowledgment is made to Dr. J. Alien Scott for statistical advice and help and to the John 
and Mary R. Markle Foundation. 
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OBSERVATIONS ON THE 'SUSTAINED PRESSOR PRINCIPLE’ 
IN DIFFERENT ANIMAL SPECIES^ 

R. E. SHIPLEY AND 0 . M. HELMER 
From the Lilly Laboratory for Clinical Researchy Indianapolis General Hospital 

INDIANAPOLIS, INDIANA 

R ecent studies have demonstrated the presence of a presumably new pressor 
substance in the blood plasma (or serum) of cats which have been subjected 
^ to a moderately prolonged period of hemorrhagic hypotension (i). The 
pressor substance differs from renin, angiotonin, pepsitensin, epinephrine, pitressin, 
hydrox5d3Tramine, t3T:amine and other known biological pressor agents in that it 
possesses the apparently unique ability to cause a sustained elevation of arterial 
blood pressure (3 to 4 hours) when injected intravenously into cats which have been 
nephrectomized 6 to 48 hours before. 

The pressor material was not found to be present in the plasma of cats which 
had been nephrectomized prior to the beginning of tlie hypotensive state, and it was 
tentatively concluded that the substance arose from the kidne)^ possibly as the 
result of the decreased blood flow (or blood pressure) within these organs. The 
probability of its having a renal origin was further strengthened by the subsequent 
finding that similar sustained pressor activity was present in the plasma of cats 
which were bled a short time following the intravenous injection of semicrude ex- 
tracts of cat kidneys (2). 

The study of the sustained pressor (SP) principle has been extended to include 
observations involving different animal species. The cat, chicken, dog, hog, horse, 
human, rabbit, rat and sheep have been used either as test animals or as the source 
of materials possessing SP activity. 


METHODS 

Plasmas containing the SP principle were obtained from rats and dogs in the 
manner previously described for cats (i). Briefly, the animals were anesthetized and 
by controlled bleeding the mean blood pressure was maintained at 35 to 50 mm. Hg 
for one to two hours. The blood remaining in the animals was removed, heparinized 
and centrifuged and the plasma frozen. As parallel experiments to the original ob- 
servations on cats, normal rats were also given i to 2 ml. of an 8 per cent ‘DDT’ 
solution intraperitoneally, and immediately following death 12 to 48 hours later 
each animal’s blood was drawn from the heart and the heparinized plasma frozen. 

Human blood was withdrawn by intracardiac puncture from 41 patients one- 
half to one hour post-mortem. To each plasma was added an equal volume of 10 
per cent NaCl solution and the mixture adjusted to pH 2.9 with glacial acetic acid. 

Received for publication April 12, 1948. 

^ A report of this work was presented- before the American Phi-siological Society at the Atlantic 
City meetmg, March, 1948. 
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The diatyzed supernatant was made 0.6 saturated witli ammonium sulfate and of the 
precipitate formed tlie water-soluble, nondialyzable fraction was concentrated in 
vacuo to one tenth to one third the original plasma volume and frozen. 

For obtaining active plasmas from anhnals which received semi-crude extract 
of kidney tissue (2), cats, dogs, rats and rabbits were bilaterally nephrectomized, and 
from one to tlrree da3’’s later the animals were anestlietized with pentobarbital sodium 
and repeated intravenous injections of the kidney extracts were given over a period of 
one-half to one hour. Chickens were similarly injected but were not previously 
nephrectomized because of the technical difficulty in removing the segmented and 
multivascular kidneys. Each animal received approximately the amount of kidney 
extract derived from 10 to 15 grams of kidney tissue per kgm. of body weight of tlie 
recipient animal. One hour after the last injection of kidney extract each animal 
was bled and the heparinized plasma frozen. 

Nephrectomized cats, rats and dogs, and non-nephrectomized chickens, were 
used m testing for SP activity of tire various plasmas. One to two days following 
nephrectomj'- the cats and rats were anesthetized and pithed as previously described 
(i, 3). The dogs were anesthetized two or three days following nephrectomy, but 
were not pithed inasmuch as this procedure was poorly tolerated in previous ex- 
periments in wffiich an attempt was made to use this type of preparation. 

Mean blood pressure in the carotid artery was continuously recorded on smoked 
paper, using a mercury manometer. Injections were made through a small plastic 
catheter inserted in the jugular vein. 

The plasmas (or sera) to be tested were injected in tlie arbitrary amounts of 
0.5 ml. in the rats (appro.ximateiy 3 ml/kgm.), 2 ml. in the cats and chickens (ap- 
proximately 0.7 ml/kgm.) and 5 ml. in the dogs (approximately i ml/kgm.). 

RESULTS 

The blood plasmas from 22 rats which had died as the result of DDT poisoning 
and from 7 normal rats which had been subjected to hemorrhagic hypotension of 
one to two hours’ duration e.xhibited SP activity when injected into rats whicli had 
been nephrectomized one to two days before (fig. i). Various viscera were removed 
from 25 additional rats before subjecting the animals to the period of hypotension. 
The rats from which the kidneys were removed, witli or without the additional re- 
moval of the adrenal glands and/or all other abdominal viscera (excepting the liver), 
jdelded inactive plasmas. The rats in which the kidneys were left intact, with or 
without the removal of the adrenal glands and/or all other viscera (e.xcepting the 
liver), yielded active plasmas. The effect of hepatectomy alone or in combination 
witli the removal of other visceral organs was not studied. 

Almost all of tlie test rats that had been nephrectomized two days before e.x- 
hibited sustained responses to the initial injection of active plasma. However, m 
the animals nephrectomized i to 24 hours before and in those in which tlie renal 
pedicles were clamped acutely as pre\’iousl>'- described (4), the initial responses were 
often unsustained and one or more additional injections of active plasma were 
necessar}^ before a sustained elevation of blood pressure was observed (table ij- 
In general, these findings in the rat parallel the previously reported observations on 
the cat (4). 
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In both rats and cats the intravenous injection of dibenamine- (20 mgm/kgm.) 
blocked the pressor effect of epinephrine but did not detectably alter the t5T)ical 
response to the SP principle (fig. 2). 

The plasmas of 7 dogs subjected to the hypotensive procedure exhibited SP 



Fig. I. Mean blood pressure in carotid artery of 200-gram pithed rat, nephrectomized two days 
before. I.V. injection: i, 0.2 unit ‘laboratory standard’ angiotonin; 2, o.i /jgm. epinephrine; j, 0.5 
ml. undialyzed plasma from rat dead from DDT poisoning; 4, 0.5 ml. undialyzed plasma from ‘normal’ 
rat (bled under anesthetic); 5, 0.5 ml. of 7% acacia solution; 6, 0.25 ml. undialyzed plasma from cat 
dead of DDT poisoning; 7, same as 6. Ordinate scale, mm. Hg. Time, i minute. (32ZD-12) 

Fig. 2. Mean blood pressure of 230-gram pithed rat, nephrectomized two days before. I.V. 
injection; j, 0.2 unit of ‘laboratory standard’ angiotonin; 2, o.i /ig. epinephrine; 3, 20 mgm/kgm. 
‘dibenamine’; 4, epinephrine, same as 2; 5, angiotonin, same as /; ( 5 , 0.5 ml. undialyzed plasma from 
rat which had received rabbit kidney extract I.V.; 7, 0.5 ml. undialyzed plasma from rat which had 
received cat kidney extract I.V. Coordinates, same as fig. i. (32ZD-287) 

Fig. 3. Mean blood pressure of 5.1-kgm. anesthetized dog nephrectomized three days before. 
I.V. injection: i, 5.0 ml. undialyzed plasma from rat w'hich had received cat kidney extract I.V. 
Coordinates same as fig. 1. (32ZB-69) 

Fig. 4. Mean blood pressure of 280-gram rat nephrectomized one day before. I.V. injection : 
r, human kidney extract; 2, rat kidney extract. The amounts injected were adjusted so that the 
human kidney extract contained 60 times as much renin activity as the rat kidney extract as deter- 
mined by the ability to form angiotonin when incubated with hog serum substrate. Coordinates 
same as fig. I. (32ZD-44S) 

activity when injected into 26 dogs which had been nephrectomized two to three 
days before. The plasmas from 2 dogs which had undergone a similar period of hy- 
potension (1-2 hours) did not exhibit a detectable degree of SP activity. 

' Dibenzyl iS-chlorethylamine. 
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Of 41 plasmas obtained from' human beings post-mortem, 7 possessed SP activity 
when tested on ‘2-day nephrectomized’ cats. Five of the seven active plasmas were 
from patients who were known to have gone through a somewhat prolonged period 


Table i 



PREVIOUSLY NEPHRECTOMIZED 

RENAL 

PEDICLES 

NORMAL 

(non- 

* 

2 days 

1 day 

3-6 hrs. 

1-2 hrs. 

CLAMPED 

nephrec- 

tomized) 

Initial pressor response sustained 

89 

SO 

3 

I 

0 

0 

Initial responses unsustained; subsequent 

responses sustained 


7 

4 

I 

3 

0 

All responses unsustained 

Hemorrhage, pulmonary edema, very low 
blood pressure (<40 mm. Hg) 


14 

5 

7 

5 

I 

Animal apparently in good condition 

8 

7 

0 

6 

3 

8 

Total 

III 

78 

12 

‘is 

II 

9 



Fig. 5. Chart showing specificity characteristics of the sustained pressor principle as ini- 
cated by the pressor responses in different species of animals to the intravenous injection of hetero 0 
gous plasmas from animals which had received I.V. injections of heterologous kidney extracts. 

of hypotension preceding death. The clinical diagnoses included myelogenous 
leukemia, severe burns, strangulated bowel, gunshot wounds (with hemorrhage) 
and tuberculosis. In two of the patients (undiagnosed coma, malnutrition) adequate 
data concerning the blood pressure were not available. Records of the patients 
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from whom the 34 inactive plasmas were obtained indicated that death was more or 
less sudden and was not preceded by a prolonged state of hypotension. 

The nephrectomized cats, dogs, rats, rabbits and non-nephrectomized chickens 
which had been injected intravenously with extracts of kidneys from the cat, dog, 
rat, rabbit, horse, sheep, hog and human were bled and the plasmas tested for their 
abihty to cause SP responses in the cat, dog, rat and chicken. In figures 2 and 3 
are shown representative pressor responses in the rat and dog. The various com- 
binations tested and the results obtained are summarized in figure 5. 

DISCUSSION 

The finding that SP activity is present in the plasma of rats, dogs and humans 
that have undergone a somewhat prolonged period of hypotension parallels the 
observations made originally in the cat. In the experimental animal, at least, the 
presence of the kidneys in the animal during the hypotensive state has been found to 
be necessary for the appearance of the SP principle in the blood stream. Whether 
or not other organs contribute indirectly to its formation is not known. The gastro- 
intestinal tract, pancreas, spleen and adrenal glands are not directly concerned in the 
mechanism of formation of the SP principle, since the acute removal of these organs 
did not prevent the appearance of the material in rats subjected to the shock pro- 
cedure (with kidneys intact). 

Active plasmas were recovered from the blood of the mammals (cat, dog, rat) 
and the chicken when these animals were injected intravenously with extracts of 
various mammalian kidneys, but plasmas obtained from mammals or chickens follow- 
ing the injection of chicken kidney extracts containing renin did not cause SP re- 
sponses in the nephrectomized mammals. The plasmas of both groups caused small 
unsustained responses in anesthetized non-nephrectomized chickens, but since mam- 
mals with intact kidneys have invariably exhibited only unsustained responses 
(i, 4), no conclusions can be drawn from the latter observations in the chicken. 

"Wfiien chickens were given extracts of cat, dog, hog and rat kidneys intra- 
venously, no rise in blood pressure occurred although the plasmas of these chickens 
were found to possess SP activity when tested on nephrectomized mammals. The 
injection of chicken kidney extract into nephrectomized cats did not cause an eleva- 
tion of blood pressure and their plasmas did not have SP activity when tested on 
nephrectomized mammals. 

These observations suggest that, like renin, the SP principle may be specific 
with respect to the kidney from which it is derived and the animal in which the char- 
acteristic pressor response is observed. There was also found some evidence for the 
existence of a ‘relative’ specificity in the response of the nephrectomized rat to the 
injection of active plasma derived from human sources. In contrast to the cat or 
dog, the rat exhibited extremely poor sensitivity to the SP principle in the plasmas 
of patients who had died in shock as well as to the principle in the plasmas from cats 
and dogs which had been given human kidney extract intravenously. The rat 
possessed a similar lack of pressor sensitivity' to the injection of human kidney ex- 
tract co ntaining renin^ (fig. 4). However, the blood plasmas from rats which had 

’ By incubating human kidney e.xtract and rat plasma in vitro it was demonstrated that only a very 
smalt quantity of angiotonin was formed. 
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been given the standard quantity of human kidney extract were quite active when 
tested on nephrectomized cats and dogs but were very weakly active in nephrecto- 
mized rats. From the experiments on the chicken and rat it is concluded that the 
active pressor principle in the recovered plasma is homologous to the kidney extract 
injected; the intermediary animal, i.e., the one receiving the kidney extract, appears 
to play a passive role in that it does not alter this specific relationship. 

It was suggested in a previous report (2) that when a semicrude kidney extract 
containing renin is injected intravenously, various components of the extract may 
be selectively removed in vivo b)'- the recipient animal, leaving the SP principle still 
circulating in the blood stream. This reasoning was prompted by the fact that all 
but traces of renin"* had disappeared from the animal’s blood stream while at the same 
time the plasma had acquired very potent SP activity. When a small quantity of 
dialyzed kidney extract is injected into a nephrectomized animal the contour of the 
blood pressure curve suggests that more than one pressor substance may be involved. 
Characteristicall}'', the blood pressure rises to a rounded peak from which it declines 
to a new level above the control blood pressure (fig. 4). 

Following the injection of dialyzed plasmas containing the SP principle the 
initial rounded peak is usualty small or absent, and the blood pressure gradually 
rises to the level at which it is sustained. The relatively high concentration of renin 
in the kidney extract in contrast to the very low concentration of renin in the active 
plasma makes it seem likely that the initial rounded peak is primarily the response 
to the renin and the maintenance of the blood pressure elevation is the response to 
the SP principle. The supposition that the two pressor principles may co-exist in 
the kidney extract has not yet been substantiated by successful chemical separation 
or isolation of either principle from crude kidney extract. An alternate theory which 
is equally tenable would presume that the SP principle does not normally exist as 
such in the kidney extract, but when the latter is injected intravenously the renin 
present is partially converted into, or is involved in the formation of, the SP prin- 
ciple. Further work will be required to establish which if either concept is correct. 

That the SP principle is relatir^ely stable in the blood stream of nephrectomized 
animals was originally advanced as a possible explanation for its prolonged action 
(i). Evidence supporting this view has been obtained from the following experi- 
ments. Cats nephrectomized two days before were given the standard quantity of 
kidney extract intravenously (see Methods) and following the last injection one to 
two hours were allowed to elapse before the animals were bled to death. Fifty to 
60 ml. of active plasma from each cat was then injected (over a period of 30-4S 
minutes) into another two-day nephrectomized cat; one hour later the cats were 
bled. Taking into co.'.sideration each recipient cat’s original plasma volume (esti- 
mated as 4% of body weight) and the quantity of active plasma injected, the ap- 
proximate factor of dilution was determined. Using comparative tests on nephrec- 
tomized cats the concentration of SP activity in the final plasma was not detectably 
less than could be accounted for on the basis of simple dilution. It is therefore prob- 

* The term ‘renin’ or ‘renin activity’ as used throughout the paper refers to the specific substance 
of renal origin which possesses the ability to cause the formation of angiotonin when incubated vit 
homologous blood plasma or serum. 
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able that the sustained pressor response which follows the injection of an active 
plasma is due to the continuous circulation of an undiminishing quantity of the 
principle in the blood stream. These experiments further demonstrate that the 
pressor principle possesses an unusual degree of stability in vivo (in nephrectomized 
animals) and is not removed from the blood stream in appreciable amounts in one to 
two hours’ time. 


SUMMARY 

The blood plasmas of rats and dogs which had been subjected to one to two 
hours of hemorrhagic h5^potension were found to contain a pressor principle capable of 
causing a sustained elevation of blood pressure when injected intravenously into 
cats, dogs and rats which had been nephrectomized one to three days before. The 
blood plasmas of human beings w’ho had died following a prolonged period of hy- 
potension possessed similar sustained pressor activity as determined by injection into 
nephrectomized cats but almost imperceptible activity in nephrectomized rats. 

^^hen semicrude extracts of horse, sheep, hog, cat, dog, rat and rabbit kidneys 
were injected intravenously into nephrectomized cats, dogs, rats and non-nephrec- 
tomized chickens the animals’ blood plasma acquired the ability to cause a sus- 
tained elevation of blood pressure in nephrectomized cats, dogs and rats, but not 
in non-nephrectomized chickens. The plasmas of chickens and cats which were 
injected with chicken kidney extracts did not cause sustained pressor responses in 
the nephrectomized cat, dog or rat. Human kidney extracts, when injected into 
nephrectomized cats, dogs and rats, caused the appearance in the blood plasma of a 
sustained pressor principle which was active in cats and dogs but only very slightly 
active in rats. The specificity characteristics of the sustained pressor principle are 
similar to those of renin. 

The principle may be recovered without appreciable loss from nephrectomized 
animals which have been given large quantities intravenously one to two hours be- 
fore. It is concluded that the sustained pressor response \vhich follows the injection 
of an active plasma is probably due to the continuous circulation of an undiminishing 
quantity of the sustained pressor principle in the blood stream. 

Grateful acknowledgment is made to Messrs. J. H. Tilden, R. J. Parker, C. Wilson and C. L. 
Goodman for their technical assistance and to the resident medical staff of the Lilly Laboratory for 
Clinical Research for the procurement of the human blood samples. 
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ENZYMATIC CONVERSION OF CYANIDE TO THIOCYANATE 

WILLIAMINA A. HIMWICH and JACK P. SAUNDERS 
From the Toxicology Section, Medical Division, Army Chemical Center 

MARYLAND 

T he Diinute amounts of thiocyanate normally present in urine, blood and 
saliva have stimulated the interest of many workers as to the origin of the 
cyanide and the pattern of conversion of cyanide to thiocyanate. The 
problem has toxicologic as well as physiologic importance because of the great toxicity 
of cyanide. The detoxication of cyanide in the animal body was first demonstrated 
by S. Lang (i, 2) who was able to show that after the injection of cyanide or of ali- 
phatic nitriles in the rabbit, an increased amount of thiocyanate was excreted in the 
urine. Similar findings were reported by He5Tnanns and Mesoin (3) . The formation 
of minute amounts of cyanide from products of protein metabolism and from the 
nitriles ordinarily present in foods and the conversion of that cyanide to thiocyanate 
was believed by tliese authors to account for the thiocyanate normally excreted from 
the body. The in vilro studies of this meclranism were initiated by Pascheles (4), 
who showed that liver and muscle tissue from the dog were able to produce thio- 
cyanate after digestion with sodium cyanide, liver being more active in this respect 
than muscle. Kahn (5) concluded from this work and from a series of fiver perfusion 
experiments in which the amount of thioeyfinate produced increased with the number 
of perfusion trips that the liver was an active factor in the production of thiocyanate. 

In 1933 Konrad Lang (6, 7) reported his experiments on the in vitro production 
of thiocyanate from cyanide in the presence of sulfur. He postulated that an enzyme 
was responsible for the conversion of cyanide to thiocyanate, described it as heat- 
labile and rapidly acting, and gave pn and substrate-concentration optima. The 
enzyme, which he termed ‘rhodanese,’ was widely distributed in animal tissues and 
was present in large amounts in the liver. Lang, therefore, suggested that the forma- 
tion of thiocyanate was the principal route of detoxication of cyanide in the body and 
that the liver was the chief site of this detoxication. Cosby and Sumner (8) purified 
this enzyme to some extent and made further studies of its properties. This paper 
deals largely with the distribution of the enzyme in various organs and tissues. 

EXPERIMENTAL 

Tissues obtained from 7 dogs, 5 monkeys, 9 rats and 9 rabbits were assayed for 
their enzyme content in terms of the ability of one gram of tissue to produce thio- 
cyanate from cyanide. The most extensive work was done on the dog from which 
tissues of the suprarenals (cortex and medulla separately), fiver, kidney, heart, lungs, 
skeletal muscle, pancreas, spleen, cervical lymph nodes, testes, ovaries, sahvary 
glands, intestine (duodenum, jejunum), spinal cord (cervical, lumbar, sacral regions 

Received for publication April 19, 1948. 

348 



Hay 1948 


ENZYME CONVERSION OF — CN TO — CNS 


349 


separately), brain, (cortex, caudate nucleus, a mid-brain section [hypothalmus, tbal- 
mus and pons], cerebellum and medulla separately), the optic nerve, the epididymis, 
thyroid, eye, anterior pituitary and blood components were tested. 

The animals were rendered unconscious either by injection of pentobarbital in 
the case of dogs or by a blow on the head in the case of smaller animals. Monkey 
tissues were obtained from animals which had received either curare or pentobarbital 
or both. Tissues were removed from the body as rapidly as possible and homogenates 



_ Fig. I. Relationship betiveen tissue concentrations and thiocyanate formation. Abscissa: 
milligrams tissue in system, ordinate: micrograms CN" converted to CNS". 

prepared in 10 volumes of distilled water. Tissues weighing 10 grams or more were 
homogenized in a Waring Blender and filtered through two thicknesses of cheesecloth; 
those tissues weighing less than 10 grams were homogenized by hand.^ The homo- 
genates were stored in the refrigerator at 5°C. 

Preliminary observations indicated that a system containing phosphate buffer 
pH 7.4, 0.42 M sodium thiosulfate, 0.3 cc. tissue homogenate, 0.14 M KCN in a total 
volume of 9.2 cc. added in the order named and shaken for 15 minutes at 37.S°C. 
gave cond itions reasonably near the optimum for all tissues. The enzymatic activity 

* Ace glass tissue homogenizer. 
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was stopped by adding lo cc. of a ferric nitrate-nitric acid solution exactly 15 minutes 
after the addition of the KCN. The reaction mixture was then diluted to 25 cc. with 
distilled water, shaken, centrifuged and allowed to stand 15 minutes to permit the 
violet color formed by the excess thiosulfate to fade. Thiocyanate was determined 
spectrophotometrically, a standard curve being prepared by adding known amounts 
of thiocyanate to the tissue system in the absence of cyanide. 

Since the color of the iron-thiocyanate complex was too intense at concentrations 
greater than a few micrograms, it was necessary to dilute tissue homogenates which 
formed more than this amount of thiocyanate under the standard conditions shown 
above. The validity of such dilution is shown in figure i. 

Fpurteen different sulfur-containing compounds of physiologic and pharmacologic 
interest were tested for their ability to replace thiosulfate in the standard system. 
The compounds were added in such amounts that they could furnish the same quan- 
tity of sulfur as did the thiosulfate. Slices, minces and homogenates prepared from 
representative samples of the dog and rabbit liver and of rabbit cerebral hemispheres 
were compared in respect to ability to form thiocyanate in the standard system. 

RESULTS 

The dogs studied showed a wide variation in the enzyme content of their tissues 
(table i). However, in all dogs irrespective of the absolute value obtained, certain 
tissues always ranked highest and others always contained minimal amounts of the 
enzyme. The suprarenal gland had the highest enzyme content, the activity being 
almost entirely concentrated in the cortex. The dog apparently is unique, as the 
suprarenals from other species showed no great concentration of the enzyme as com- 
pared with other organs. Of the latter, liver was the highest although its value was 
often as low as a fifth of that of the suprarenals. The various parts of the brain and 
spinal cord, the kidney and testes had relatively large amounts; other tissues, such as 
heart, intestine, spleen, lung, muscle and salivary gland, had smaller quantities, while 
the content of red blood cells and plasma was barely measurable. The two female 
dogs had the highest concentration of enzyme in the liver ; in one, the liver value was 
even greater than the suprarenal. Unfortunately, not enough females were available 
to investigate a sex difference. 

The monkeys studied contained more enzyme in the liver than in any other 
organ, the kidney being the next highest. The content of these organs was much 
higher than in the dog. Heart, and muscle also, contained higher concentrations than 
the dog tissues. The other organs, and the parts of the central nervous system, how- 
ever, ranked with the same tissues from the dog. 

Rabbit homogenates tended to have a little higher enzyme activity than those of 
monkey organs. The difference, however, was again not marked in the parts of the 
central nervmus system. The same may be said for the rat — liver and kidney con- 
tained higher concentrations of enzyme than were present in the other species, but 
the parts of the central nerKmus system were about the same as in the dog. 

In general, it can be said that while the enzymatic activities of liver, kidney, 
muscle and suprarenals vary markedly from species to species, the activity of the 
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Table i. Enzymatic activity oe tisstos of the dog, rhesus monkey, rabbit, and rat 
Values are mgm. of — CN converted to — CNS, per gram of tissue 



DOC 

RHESDS MOKKEV 

31 ADB 1 T 

i RAT 

! 

Range 

I 

Range 

No. 

of 

obs. 

Range 

No. 

of 

obs. 

Range 

No. 

of 

obs. 


mcm ./ pn . 




msm ./ gm . 


mgm ./ sm . 


Suprarenals 









whole 

2.14-3.60 

6 

0.14-1 - 35 

3 

1.24- 3.94 

2 

0.27- 0.41 

2 


(5-46, 4-50) 


1 






cortex 

2.86-5.62 

2 







medulla 

0.27-1.12 

2 







Liver 

0.78-1.46 

7 

10.98-15.16 

4 

7.98-18.92 

9 

14.24-28.38 

9 


(4.91,6.28) 


(5-98) 






Brain 









cortex 

I 0.34-0.92 

7 

0.27 

I 

1.41- 1.44 

2 

0.70- 0.72 

2 

caudate nuc 

0.27-1.06 

7 

0.34-0-50 

2 1 

0.13- 0.18 

2 

1 


midbrain 

0.52-1.35 

6 

0.22-0.80 

2 

I- 17- 1-39 

2 

0.73- I -13 

0 

cerebellum 

0 . 2 I-I .22 

7 

0.33 

I 

0.63- 1.24 

2 



medulla 

0.38-1.52 

7 

0.49-0.85 

2 

0.91 

I 



Spinal cord 









cervical 

0.15-1.08 

7 

0.56-0.57 

2 

0.89- 0.90 

2 

0.16- 0.18 

2 

lumbar 

0.12-0.84 

4 

0.20-0.52 

2 

0.35- 1-74 

2 

0.23- 0.27 

2 

sacral 

0.16-1.41 

4 

0.23-0.28 

2 

0,59- I.IO 

3 

0.56- 0.74 

2 

Heart 

0.11-0.14 

6 

0.48-0.82 

3 





Kidney 

0.42-0.74 

6 

2.46-3.58 

4 

6.20- 7.69 

3 

10.44-11 .08 

2 

Testes 

0.32-0.41 

S 

0.38-0.46 

3 

0.32- 0.36 

2 

1.24- 1.61 

2 

Epidydymis 

0.29 

I 







Ovaries 

0.42 

I 



0.30 

I 



Lung 

0.16-0.17 

3 

0 .II- 0 . 2 I 

2 

0.40 

I 



Spleen 

0,10-0.14 

2 

0.12-0.34 

2 

0.20 

I 



Muscle 

0.03-0. ig 

6 

0.23-0.57 

. 3 

0.18 

I 



Intestine 









duodenum 

0.05-0. II 

3 







jejunum 

0.04 

I 







Eye 

0.02 

I 







Optic nerve 

0-35 

I 







Salivary gl., parotid 

0.05-0.36 

3 

0.99 

I ; 





Lymph node 

0.08-0.13 

2 







Pancreas 

0.14-0.28 

4 

0.12-0,44 

2 





Thyroid 

0.05-0.94 

3 







Ant. pit 

0.26 

I 







Whole blood 

0,01-0.02 

2 







Erythocytes 

0.01-0.02 

2 







Plasma 

<0.01 

I 








Figures in parentheses are single observations falling outside the normal range. 


parts of tlie brain does not. The species grouped according to increasing activity of 
their liver and kidney homogenates are dog, monkey, rabbit and rat. 

Table 2 compares the enzymatic activity of shces, mince and homogenates pre- 
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pared from the same tissue. The minced tissue converted approximately twice as 
much cyanide as did the sliced, while the homogenate made approximately S to 17 
and 3 to 8 times as much thiocyanate as did the sliced and minced tissues, respec- 
tively. 

The ability of other sulfur-containing compounds to replace thiosulfate in the 
system is neghgible. The best replacement was obtained with sulfide, thiourea and 

Table 2. Mgm. — CN converted to — CNS by ioo mgm. tissue 


RABBIT RABBIT DOG 

CORTEX LIVER LIVER 

Slice 7.1 30. 5 7.3 

Mince 12.8 71.7 ii.o 

Homogenates 109.6 514.0 37 -o 


Table 3. Replacement oe sodium thiosulfate by other sulfur-containing compounds 



(Sodium thiosulfate 

= 100% activity) 



% ACTIVITY OF 


% ACTIVITY OF 

COMPOUND 

STANDARD SYSTEM 

COMPOUND 

STANDARD SYSTEM 

Sodium thiosulfate 

IOO 

Methionine 

I 

Sodium sulfide 

4 

Cystine 

I 

Sodium tetrathionate 

spontaneous 

Cysteine 

I 


conversion 



Thiourea 

4-5 

Thiodiglycol 

0 

a-Naphthylthiourea 

4.6 

Diphenylsulfide^ 


Thiouracil 

I 

Diphenyldisulfide- 

0 

Dithiobiuret' 





1 Supplied through courtesy of American Cyanamide Company. 
® Supplied through courtesy of General Chemical Company. 


a-naphthylthiourea, but no conversion occurred with the sulfur-containing amino 
acids (table 3). 


DISCUSSION 

The enzyme responsible for tlie conversion of cyanide to thiocyanate is widely 
distributed in the animal body and in relatively large amounts. Mendel et al. (9) 
report a different distribution pattern than we do. This discrepancy may be due to 
the fact that they did not use the same amounts of cyanide and thiosulfate that we 
did and that they studied only tissues from the rat, whereas most of our data is based 
on the dog. On the basis of their data they suggest that this enzyme is concentrated 
in those tissues whose metabolism would be markedly inhibited by small amounts of 
cyanide, for the purpose of removing any traces of cyanide formed in metabolism. 
Our distribution data on tissues from dogs and other species do not permit us to con- 
cur with their opinion and we feel that an enzyme so widely distributed in such large 
quantities probably has some metabolic function other than the detoxication of 
cyanide. 

It is difiicult to make a comparison between our data and Lang’s (6) because he 
used an acetone powder, the preparation of which may have resulted in variable losses 
of activity and because he expressed his data in arbitrary units based on the activity of 
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the dr}’- powder. But, with one or two exceptions, our data on tire distribution of 
activity in tissues of tire dog seem to agree well witlr his. The data suggest that even 
though the liver undoubtedly plays a major role in removing cyanide, detoxication 
probably occurs in all parts of the body. The high activity of various parts of tire 
brain, taken togetlier witlr tire v&xy large blood flow tlrrough tlrat organ and tire large 
mass of muscle even' with a relatively low activity, should make brain and muscle 
important sites of detoxication. 

In attempting to relate in vitro work to the intact animal that has been poisoned 
with cyanide, several questions present themselves. An in vitro system such as 
described here completely avoids the problem of cellular permeability. Cyanide is 
known to enter the cell readily and probably combines at once witlr the cytochrome 
oxidase present (10). Thiosulfate on the other hand probably penetrates more 
slowly, if at all, since Gilman et al. (ii) have shown drat 70 to Soper cent of injected 
thiosulfate is excreted unchanged. The data presented on the different activities 
of slices, mince and homogenate indicate that the factor of permeability may play an 
impoftaht part in determining how muclr cyanide can be detoxified by an aninal, 
irrespective of the amount of enzyme present. 

Calculating from tire in vitro results, the amounts of cyanide whiclr the tissues 
of the dog can theoretically convert to tlriocyanate in a 15-minute period are enor- 
mous. The whole liver of one dog studied could have detoxified 4,015 grams of 
cyanide and the total skeletal muscle of the same dog, 1,763 grams. 

These amazingly large amounts of cyanide witlr which a tissue can deal in vitro 
as compared with the relatively small size of a fatal dose suggest that availability of 
sulfur, not quantity of enzyme present, is tire limiting factor in the in vivo detoxifica- 
tion. This concept is strengthened by the work of Chen, Rose and Clowes, among 
many others, showing that injection of tlriosulfate is capable of increasing the LDso 
as much as three to four times (12). In vitro at least the conversion of cyanide to 
thiocyanate does not proceed efficiently unless a thiosulfate concentration of at least 
three times the molar concentration of cyanide is present. That such a concentra- 
tion of thiosulfate exists normally in the cell is doubtful. Our data do not suggest 
that any of the tested compounds other than thiosulfate are effective as sulfur donors, 
thus leaving the question of the source of sulfur in the cells for formation of thio- 
cyanate stiU unanswered. Tissue homogenates in our procedure did not contain or 
could not make sufficient thiosulfate, even over a period of 18 hours, to convert a 
measurable amount of cyanide to thiocyanate. It is probable, however, that our 
treatment of the homogenate resulted in loss of the enzyme system which Smythe 
(13), Fromageot (14) and Garabedian (15) have suggested converts the sulfur of 
amino acids to sulfide and then to thiosulfate, since that system is known to be un- 
stable. Such a formation of thiosulfate, however, would probably proceed too 
slowly and be too limited by the quantity of sulfur-containing amino acids present 
to permit rapid detoxication. 

Although the content of enzyme of the various species varies greatly in liver, 
kidney and suprarenal glands, that of the central nervous system does not. These 
data may account for the fact that tlie LDgo for intravenously injected sodium cy- 
anide is approximately the same for all these species. On the other hand, the differ- 
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ence in enzyme activity of the livers from two of the species tested appears to have a 
relation to the rate at which cyanide is detoxified when given in sublethal doses. 
Mukerji and Smith (16) reported that rabbits were able to detoxify cyanide rapidly — 
nearly all the cyanide being recovered as thiocyanate in the urine within 24 to 48 
hours. In the dog, however, less than 25 per cent of the injected cyanide was re- 
covered witliin a period of seven days. 

SUMMARY 

1. The distribution of the enz3'me capable of converting cyanide to thiocyanate 
in homogenates prepared from tissues of the dog, rhesus monkey, rabbit and rat was 
studied. 

2. No marked species difference was observed in the activity of homogenates 
prepared from parts of the central nervous system. Other tissue homogenates, how- 
ever, showed a wide variation, the activity increasing in the following order: dog, 
rhesus monkey, rabbit and rat. 

3. The thiosulfate ion was the only sulfur-containing compound found capable 
of efficiently providing sulfur in the in vitro system. 

4. Data are presented to show the intracellular character of the enzyme respon- 
sible for thiocyanate production. The significance of the enzyme system in connec- 
tion with the in vivo detoxication of cyanide is discussed. 

Since this paper was written determinations of the enzyme activity of samples of human liver, 
kidney and suprarenals obtained at autopsy have been made. These gave values of 1.30, 0.22 
and 0.14 mgm. of cyanide converted to thiocyanate for the three tissues respectively. 
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EFFECTS OF ANTICHOLINESTER/VSES ON DIRECT AND 
INDIRECT STIMULATION OF STRIATED MUSCLE^ 

CHARLES R. LOWE axd ROBERT GESELL 
From llic Dcparlmcnt of Physiology, University of Michigan 

AXX ARBOK, inancAX 

T he neurone ma}^ be expected to exhibit at least four distinct functions, each 
function being restricted to the part specialized for the purpose: a), the main- 
tenance of a generating current by the cell body and its dendrites special- 
ized to function as an electrochemical unit for the production of electrical power; 
b), the generation of nerve impulses by this current as it flows from the dendrites 
and cell body through the axon hillock membrane back to the external circuit and 
dendrites; c), the conduction of these impulses by the neuraxon proper to the terminal 
boutons; and d), the final activation of the end organ or neurone by the terminal 
motor end plate or synapse (i, 2). Granting that all of these functions are 
cholinergic, anticholinesterases may conceivably affect these processes in equal or 
varying degrees. In the light of Nachmansohn’s theory that conduction of the 
nerve impulse by the neuraxon proper is a cholinergic process which is abolished by 
anticholinesterases, it seemed advisable to obtain more evidence relating to this 
point as a further aid to an interpretation of central action of the various anticholin- 
esterases. 


PROCEDURES 

Among the miscellaneous systems classified as cholinergic (3) striated muscle 
and its motor nerve seemed to offer convenient opportunities for study. 

Of the many compounds attributed to have an anticholinesterase effect the 
following were chosen for this study: physostigmine sulphate (Merck), prostigmine 
methylsulphate (Roche), di-isopropyl-fluorophosphate (hereafter referred to as 
DFP), carbon dioxide and strychnine sulphate. In addition the effects of acetyl- 
choline chloride (Merck) were studied. 

Frogs (Rana pipiens) weighing 60 to 70 grams were used. The frogs were 
obtained in small lots and kept at a temperature of 5° C. until immediately before 
pithing and dissection. One animal was used for each experiment. Amphibian 
Ringer-Locke solution prepared freshly each day was used as the solvent for the 
compounds studied. Acidity of the Ringer-Locke solution varied from pH 6.9 to 7 .3. 
The solution containing the reagent was agitated and aerated between series of 
stimuli. 

Break shocks were delivered by a rotating stimulus selector at a rate of ap- 
Received for publication Alarch 12, 1948. 

1 Reported before the American Physiological Society, 1947. Federation Proc. 6: 156, 1947 
These experiments were supported by a grant from the John and Mary R. Markle Foundation. 
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proximately one per 10 seconds through a Porter inductorium. Series of 10 sub- 
maximal stimulations were made every 5 minutes. 

■Procedure i. Indirect stimulation of gastrocnemius muscle with nerve trunk ex- 
posed to anticholinesterases. Gastrocnemius muscle nerve preparations weighted with 
I gram were used in this procedure. The nerve trunk was subjected to the anti- 
cholinesterases with the aid of a double cylindrical chamber made of lucite. Small 
holes just large enough to permit the passage of the nerve trunk were drilled in the 
ends and the partition. Sufficient solution was contained in the chamber proximal 
to the muscle to completely immerse a section of the nerve trunk when the apparatus 
was in a horizontal position. The distal stimulating chamber served as a moist 
chamber. The nerve trunk was threaded through the chamber so that it passed 
frpm the proximal solution chamber into the second stimulating chamber in which it 
lay over two platimun wire electrodes. Thus, the portion of the nerve trunk sub- 
jected to the anticholinesterase lay between the part of the nerve trunk stimulated 
and the muscle. With the nerve trunk in place the hole in the chamber end next to 
the muscle was sealed with petroleum jelly which prevented leakage of the solution 
onto the muscle. 

Procedure 2. Indirect stimulation of sartorius muscle exposed to anticholinester- 
ases. The chamber was modified by removing the top of the solution chamber thus 
providing a trough in which the muscle and the portion of its motor nerve trunk 
immediately adjacent lay exposed to the anticholinesterase solutions. The nerve 
trunk was threaded through the small hole in the partition in the moist chamber 
and on to the platinum wire electrodes as before. The pelvic end of the muscle 
was secured by a silk thread to a small hook placed in the partition between the 
chambers. The distal end of the muscle was attached to the isotonic muscle lever' 
weighted with 0.5 grams by a silk thread which was led out of the trough over a 
small pulley. This procedure subjected the terminal portion of the nerve trunk, 
the terminal nerve fibers, the myoneural junctions and the muscle fibers to the 
anticholinesterase solutions. 

Procedure 3. Direct stiimilation of curarized sartorius muscle exposed to anti- 
cholinesterases. The sartorius muscle was stimulated by inserting two fine shellacked 
platinum wire electrodes into the muscle substance of the pelvic end. These wires 
were sufficiently long and fine to allow them to move freely with the contracting 
muscle. 

Addition of 0.2 units per cc. of Tntocostrin’ (Squibb) to the Ringer-Locke 
solution and the anticholinesterase solution was found to be the weakest concentra- 
tion of curare that would consistently abolish muscle contraction induced by indirect 
stimulation within 10 minutes. The preparation was exposed to this concentration 
of curare throughout the entire experiment. 

Procedure 4. Direct stimulation of chronically denervaled sartorius muscle 
exposed to anticholinesterases. Frogs with denervated sartorius muscles were kept at 
room temperature for a period of 7 to 10 days to allow maximum nerve degeneration 
before use (4-6). 

All records were made on smoked paper with a slow drum. 

A control of two series of stimuli separated by a five-minute interval with the 
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preparation in Ringer-Locke solution was recorded prior to the exposure to the 
anticholinesterase solution in every experiment of all four procedures. 

RESULTS 

Procedure i. Indirect stimnlation of gastrocnemius muscle with ncrjc trunk 
exposed to anticholinesterases. Figure i A is a good example of the results obtained 
with a 0.005 M. solution of physostigmine. The first two series of twitches, with the 
motor nerve trunk immersed in Ringer-Locke solution, serve as control. The nerve 
trunk was then immersed in physostigmine solution for 15 minutes. The amplitude 
of contraction was markedly diminished. Response to stimulation disappeared 
after 20 minutes of exposure. Withdrawal of physostigmine and reflooding of nerv^e 
trunk with Ringer-Locke solution produced prompt recovery. Variations in degree 
of diminution of contraction amplitude occurred witli individual muscle nerve prep- 
arations and concentrations of physostigmine. No significant effects were obtained 
upon the nerve fiber ex-posed to physostigmine in concentrations below 0.0015 M. 

Prostigmine produced only a slight effect. This is shown in figure i B which 
was obtained by exposing a nerve trunk to 0.02 M. solution of prostigmine. The 
first two series represent the control with the nerve in Ringer-Locke solution. Im- 
mersion in the prostigmine solution diminished the amplitude of contraction over 
a period of 15 minutes, after which the contraction amplitude leveled off for the 
remaining 30 minutes of exposure to the prostigmine solution. Recovery was 
gradual and incomplete on returning the nerx’-e to Ringer-Locke solution. Prostig- 
mine solutions weaker than 0.02 M. produced no effects. 

Exposure of the nerve trunk to a o.oi M. solution of DFP in figure i C produced 
a rapid abolition of contractions from which there was no recovery. In agreement 
vith Finerty (7) it was found that unbuffered DFP solutions in effective concentra- 
tions were sufficiently acid (pH 2.3-3. 5) to cause speculation that the effect might be 
due, at least in part, to the acidity. For this reason the effects of DFP solutions 
buffered with sodium bicarbonate to a pH of 6.9 to 7.4 were studied. It was found 
that roughly two molecular equivalents of sodium bicarbonate were required to 
neutralize one molecular equivalent of DFP. The effect of a o.oi M. solution of 
DFP buffered to a pn of 7.35 is illustrated in figure i D. The only effect observed 
was a diminution of contraction amplitude, and it can be seen that this effect was 
much less pronounced than with the unbuffered solution. Reimmersion in Ringer- 
Locke solution resulted in recovery in some preparations (see fig. i D). Buffered or 
unbuffered solutions of DFP weaker than 0.005 concentration produced no effect 
that could be attributed to the drug. 

Strychnine produced a rapid diminution in contraction amplitude which was 
followed by a prompt recovery upon reunmersion of the nerve in Ringer-Locke 
solution as illustrated in figure i E. Consistent effects of this type were produced 
by solutions of strychnine in concentrations as low as 0.005 M. 

Evidence has been presented that carbon dioxide acts as a physiological anti- 
cholinesterase by virtue of the changes in acid-base balance produced (8). Solu- 
tions of pure carbon dioxide gas in Ringer-Locke solution were prepared by mixing 
them volumetrically. Changes of contraction amplitude obtained upon exposure of 
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the nerve trunk to CO2 were small and perhaps within the limits of error, yet there 
were indications in some experiments as illustrated in figure i F that a 50-volumes 
per cent solution of CO2 produced a slight diminution in impulse conduction. Mix- 
tures of a smaller percentage of carbon dioxide were without apparent effect. 





Fig. I. Resets obtained vith procedure i 


Exposure of a segment of the nerve trunk to acetylcholine produced verj’- slight 
diminution of the response of the muscle to indirect stimulation as illustrated in 
figure I G, where the amplitude of contraction gradually diminished during the 30- 
minute exposure. There was no significant recover^’- upon return to Ringer-Locke 
solution. The changes were perhaps within the limits of error. 
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Proceditre 2. Indirect slinuilalion of sarlorins muscle exposed to anticholin- 
esterases. The response of the muscle under these conditions was diminished by 
every anticholinesterase and to a greater extent than in procedure i. This is ex- 
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Fig. 2. Results obtained with procedures 2, 5, and 4 

err.plified by the effects of prostigmine, DFP and carbon dioxide in figures 2 A, B, 
and C. 

Prostigmine caused far more profound effects in these preparations than when 
applied to the nerve trunh only (fig. 2 A). Response to indirect stimulation was 
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frequently abolished completely. Gradual incomplete recovery was consistently 
observed after washing and reimmersion in Ringer-Locke solution. 

Unbuffered and buffered DFP solutions also diminished the response to indirect 
stimulation in these preparations in a consistent and positive manner (fig. 2 B). 
Recovery was more prompt following immersion in buffered DFP and sometimes 
progressed to a shght increase in contraction amplitude. 

This type of preparation also exhibited the greatest sensitivity to carbon dioxide. 
A diminution of response was obtained in each instance followed by prompt recovery 
after reimmersion in Ringer-Locke solution. Figure 2 C is an example of the effect 
obtained with a $ per cent (by volume) solution. 

Procedure 3. Direct stimulation of curarhed satorius muscle exposed to anti- 
cholinesterases. With the exception of buffered DFP a diminution of response of 
curarized sartorius muscle preparations to direct stimulation was observed con- 
sistently following exposure to solutions of anticholinesterases of sufficient strength. 
Partial recovery was obtained following washing and reimmersion in Ringer-Locke- 
curare solution in the majority of instances. The results of this procedure are 
exemplified by physostigmine and strychnine. 

Physostigmine was studied in concentrations ranging from 0.00005 which 
produced no evident effect by a 30-minute exposure, to 0.005 which completely 
abolished response to stimulation after 20-minute exposures. Figure 2 D represents 
a typical result obtained upon the exposure of the curarized preparation to 0.001 M. 
physostigmine in Ringer-Locke curare solution. 

Strychnine in weak concentrations diminished amplitude of contraction in the 
curarized preparations as illustrated in figure 2 E. With concentrations of 0.00001 
M. and 0.000025 ^ minor transient enhancement of contraction amplitude pre- 

ceded the diminution. Evidence of recovery appeared immediately after washing 
and reimmersion in Ringer-Locke curare solution, but complete recovery was not 
observed. 

Procedure 4. Direct stimulation of chronically dcnervaied sartorius muscle 
exposed to anticholinesterases. Exposure of chronically denervated muscle to the 
various anticholinesterases resulted in a diminution of response to direct stimulation. 
Effects were not so pronounced as those obtained with preparations having the 
peripheral nerve mechanism intact as in procedure 2. The results obtained on 
denervated muscle are exemplified by physostigmine and prostigmine. 

Figure 2 F illustrates the reduction of contraction amplitude obtained by 
exposing a chronically denervated sartorius muscle preparation to 0.001 M. physostig- 
mine in Ringer-Locke solution for a period of 30 minutes. Recovery occurred . 
gradually following return to Ringer-Locke solution and in some instances progressed 
to completion. 

A t)q)ical curv’-e demonstrating the effect of 0.001 M. prostigmine solution is 
illustrated in figure 2 G. There was a gradual diminution of contraction amplitude 
which was less striking than that produced by anticholinesterases not incorporating 
a quarternary ammonium group in their chemical structure. Recover}’- was gradual 
when obtained and was incomplete. 



May ip4S 


ANTICHOLINESTERASES AND MUSCLE 


361 


DISCUSSION 

Conduction of the nerve impulse is stated to be a self-propagated disturbance 
in which the nerve fiber responds to its own action potential as the impulse travels 
from segment to segment. Exposure to the anticholinesterases of a short stretch 
of the sciatic nerve lying between the gastrocnemius muscle and the electrodes in 
procedure i consistently diminished the amplitude of contraction produced by uni- 
form stimulation of the unexposed end of the nerve. These results agree with those 
of Gilman (9) and Nachmansohn fio) and their associates on nerve activity. It 
was, therefore, concluded that the passage of nerve impulses initiated in the unex- 
posed end of the nerve was blocked in some of the nerve fibers in their passage 
through the portion exposed to anticholinesterase reagents. 

In the light of recent investigations impairment of impulse conduction could 
be attributed to an increased threshold of stimulation of nerr’^e fiber as demonstrated 
by Toman, Woodbury and Woodbury (ii, 12) or to an altered membrane perme- 
ability as proposed by Nachmansohn (10). 

The reduced response of a curarized and of a chronically denervated muscle to 
direct stimulation in curarized and denervated muscle cannot be related to the 
effects of anticholinesterase reagents on either nerve fiber or motor end plate, and 
therefore depends upon some change of function of the muscle itself. Impulse 
conduction in muscle fibers is presumably a similar process to that of impulse con- 
duction in nerve fibers. Thus impairment of impulse conduction in muscle fibers 
would offer a simple explanation of a diminished contractile response of muscle to 
direct stimulation since the action potential of a muscle is assumed to stimulate as it 
advances along the muscle fibers. It is of interest that anticholinesterase reagents 
may have a depressing action on the processes of impulse conduction in such widely 
differing structures as nerve and muscle fibers. 

In trying to assess the powerfully depressant effects of the anticholinesterase 
reagents in procedure 2, it must be borne in mind that muscle fibers, motor end 
plates and the terminal nerve fibers were all exposed to the action of the drugs. 
The nerve trunk proper, however, was unexposed and consequently it may be as- 
sumed that a uniform number of impulses was carried up to the muscle preparation 
with every induction shock delivered to the nerve. The extremely fine caliber of the 
terminal nerve fibers as compared with their parent fibers in the nerve trunk as well 
as the absence of a protective myehn sheath would tend to make them highly sus- 
ceptible to chemical block. If this assumption is true, great terminal blocking of 
nerve impulses could be sufficient cause for the great reduction of response of the 
muscle to indirect stimulation. 

It may, therefore, be concluded in agreement with Toman, Woodbury and 
Woodbury (ii) that the excitability of nerve fibers is depressed by anticholinesterase 
reagents. This conclusion may in its turn throw needed light on the physiology of 
the neuron and on the nature of the central action of anticholinesterase reagents. 
The theory of synaptic conduction is deeply involved for this theory holds that a 
nerve impulse enters the dendrite, that it is then automatically propagated in the 
direction of the neuraxon where its conduction is continued in the accepted manner 
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alluded to above. According to this theory, the central nervous system functions as 
a highly developed conducting system of nenm impulses, but if our observations on 
impulse conduction in nerve fibers and muscle fibers are applicable to the function of 
the neuron, in accordance with the theory of synaptic conduction of nerve impulses, 
it would seem to follow that the impaired conduction produced by anticholinesterase 
reagents must of necessity impair central nervous activity. How then is the central 
potentiating action of each of the anticholinesterase reagents here studied (13, 14) 
to' be explained? It would seem that these reagents must produce an additional 
effect which more than compensates for decreased excitability first established by 
Toman, Woodbury and Woodbury (n). In the light of the theory of neuron func- 
tion outlined in the introduction of this paper, generation of nerve impulses is the 
resultant of two factors: the intensity of the neurocellular generating current and the 
excitability of the rhythmically responding membrane of the axon hillock to this 
current. Thus, a disproportionate increase of generating current resulting from 
an acetylcholine sparing action of anticholinesterases as compared with a secondary 
depression of excitability would increase the rhythmic discharge of the axon hillock. 
A disproportionate decrease of excitability, however, could depress the activity of 
the axon hillock which offers a possible explanation of exceptions to the predominantly 
central potentiating effects of anticholinesterases. 

In the light of this discussion, it is concluded that the universal peripheral 
impairment of conduction of impulses in nerve fibers and muscle fibers as contrasted 
with the central potentiation of nervous activity by anticholinesterase reagents is 
incompatible with the theory of synaptic transmission of nerve impulses. 

StniMARY 

1. A comparative study of the action of several anticholinesterases on muscle 
and nerve-muscle preparations of the frog was undertaken to obtain more evidence 
on the nature of the central action of various anticholinesterases. 

2. The following agents known to inhibit cholinesterase were used: physostig- 
mine sulphate, prostigmine methylsulphate, di-isopropyl-fluorophosphate fDFP), 
carbon dioxide and strychnine sulphate. All were dissolved in Ringer-Locke solution 
in various concentrations. In addition, the effects of acetylcholine chloride were 
studied. 

3. Four separate procedures were employed with each of tlie agents in various 
concentrations. In procedure i , a segment of the nerve between the point of stimula- 
tion and the muscle was poisoned with one of the agents and the muscle stimulated 
indirectly. In procedure 2, the muscle was stimulated indirectly following exposure 
of the muscle fibers, motor end plates and terminal nerve fibers to the anticholin- 
esterase solution. In procedure 3, curarized muscles were subjected to the 
anticholinesterase agents and stimulated directly. In procedure 4, chronically de- 
nervated muscles were subjected to each of the anticholinesterases in var^dng con- 
centrations and stimulated directly. 

4. The common result in each procedure with each anticholinesterase was a 
diminution of response of the muscle to stimulation. Diminished response to 
stimulation in procedure i must be attributed to impairment of impulse conduction 
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in nerve fibers. The greater diminution of response in procedure 2 may be caused by 
greater impairment of impulse conduction in the fine terminal nerve fibers. The 
diminished response in procedure 3 may be the result of impaired impulse conduction 
in muscle fibers. The possibility that anticholinesterase reagents may have a 
depressing action on the processes of muscle contraction was not eliminated. 

5. Impairment of impulse conduction in nerve and muscle fibers by anticholin- 
esterases is incompatible with the theorj’' of synaptic conduction of nerve impulses 
because these reagents potentiate rather than depress central nervous activity. 
Potentiation of central nenmus activity by anticholinesterases is, on the other hand, 
in agreement with an acetylcholine sparing action of these reagents and a consequent 
intensification of neurocellular electrotonic currents which are believed to generate 
ner\^e impulses. 
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T he results of numerous investigations on the electrolytes of synovial fluid 
have been reviewed by Bauer, Ropes and Waine (i), who have concluded 
that diffusible ions are in equilibrium with those of blood serum and tissue 
fluids. Experimental studies have been mostly applied to the equilibrium of the 
normal physiological ions. Diffusion rates of crystalloidal ions through the S3movialis 
have not been quantitatively compared. It is one of the purposes of this invest- 
igation to apply electrochemical methods to the determination of ionic diffusion. 
The problem is analogous to determination of ionic transference and mobility in 
artificial physico-chemical systems, either by measurement of liquid junction poten- 
tials or of membrane diffusion potentials. Classical studies of these effects are those 
of Planch (9), Henderson (2) and Lewis and Sargent (6) on liquid junction poten- 
tials, and those of Michaelis (7), and of Sollner, Abrams and Carr (ii) on potentials 
across membranes with selective ion permeability. Determinations of bioelectric 
effects of ions in tissues have been reported by Hober (3, 4) and numerous others. 
An extensive review of the subject is included in Hober’s monograph (5). 

METHODS 

There are certain distinct advantages in working with the joint cavity to study bioelectric effects. 
The cavity is small and easil}' penetrated with a needle; it can be conveniently filled with the fluid 
to be studied and fluids are readily replaced almost quantitatively. 

As shown in figure i, the experimental arrangement included two 18- or 19-gauge needles 1.5 
inches long, insulated on the outer surfaces with three coats of lacquer, one (Ni, fig. 1) inserted into the 
knee joint cavity medial to the patellar ligament, the other (Nz, fig. i) inserted subcutaneously over 
the medial femoral condyle so that the tips were separated by the synovial membrane and inter- 
vening fascial laj^ers. The subcutaneous needle (N*, fig. i) was filled with 0.15 M NaCl solution 
(approximately isotonic) and about i cc. injected into the tissues. A syringe barrel containing the 
same saline solution was mounted in the needle, forming a continuous column of solution from the 
syringe barrel to the tissues. The electrode permanently mounted in the syringe was the Ag-AgCl 
tj-pe prepared according to the method of Noyes and Ellis (8). An electrode of the same type 
mounted in 0.15 M NaCl solution was connected by means of a saturated KCl agar bridge to the 
solution within the joint cavity. The potential difference between the two electrodes as determined 
frequently should be less than one millivolt. Electromotive force readings were taken with a type 
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Fig.^i. Method of insertion of needles and arrangement of electrodes, Ni, joint needle; Nt, 
subcutaneous needle. I, indicator Ag-AgCl electrode; R, reference Ag-AgCl electrode, each in 0.15 
M NaCl. r, saturated KCl-agar bridge. Li and Lr, leads to potentiometer; 



Fig. 2. Diagram illustrating the drcuit. P is the potentiometer, 5 is a selector switch used to 
connect right or left joint electrodes to P. S is also used to connect P to the voltage drop R, 5000 
ohms in the polarization-depolarization circuit. P, is in series with Po, a 200,000 ohm fixed resist- 
ance. Current is supphed by a B battery tapped at 22.5 volts. Voltage is regulated by two variable 
resistances in series, FP. It is calibrated by closing a switch Sw and reading the potential drop 
across Pi on P. Pi and Ti are terminals for the polarization and depolarization leads which are 
attached to either pair of joint electrodes. Resting depolarization curves are read vith the voltage 
regulator set at zero volts. Polarization currents are determined by reading Ei, the potential drop 
across Pi. 


36s 
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K-2 Leeds Northrup potentiometer and a galvanometer sensitive to o.i millivolt with this circuit. 
The schematic diagram of the experimental circuit is 

Ag 1 AgCl I NaCl (0.15 M) | Tissue | Electrolyte 1 KCl | NaCl (0.15 M) ] AgCl | Ag 
Subcutaneous Joint Cavity (Sat.) 

Assuming the potential difference across the KCl bridge to be negligible, the observed E.M.F. 
represents the potential difference across the tissues. 

In this arrangement, only the electrolyte within the joint cavity was varied by means of a 22- 
gauge needle inserted into needle Ni. The fluid in Ni was exchanged 3 or 4 times before reading. 
Accordingly, the experimental potentials observed represented variations at the inner surface of the 
cavity. 

In the later phases of the investigation it was found desirable to study not only 
the potentials, but also currents across the membrane. These currents were pro- 
duced in two ways. A depolarizing current was obtained by allowing the membrane 
to discharge through a known external resistance, and a polarizing current by apply- 
ing a known external E.M.F. through the resistance. In each case the current was 
measured by determining with the potentiometer the voltage drop across a known 
part of the external resistance. Time variations of current were determined. In 
addition, it seemed desirable to determine the time variation of the membrane po- 
tentials after the polarization or depolarization of the membrane by these methods. 
To carry out these operations most conveniently, a control box was devised which 
facilitated these procedures. An outline of the circuit is given in figure 2, with a 
brief description of the operation. 


EXPERIMENTAL 

A. Resting menihrane potentials. In determining resting potentials, dogs anaes- 
thetized with nembutal were used. At the beginning of each experiment, electrodes 
were mounted in right and left legs as previously described. After refilling the 
needle Ni three or four times with 0.15 M NaCl, the resting potential was measured. 
Solutions were removed and the cavity and needle were refilled with experimental 
solution until three consecutive readings agreed within i milhvolt. In general, 
there was little difficulty in obtaining steady reproducible readings after the third 
or fourth. Duplicate series were generally run on both joints. Readings were made 
rapidly, usually at the rate of two per minute. The following anions were studied: 
chloride, bromide, iodide, sulfate, salicylate and benzoate. In several experiments 
both acetyl salicylate and acetyl-5-brom-salicylate ions were studied, each as the 
neutral sodium salt. The cations observed w^ere the following: sodium, hthium, 
potassium, calcium and magnesium. When solubility permitted two concentrations 
of an electrolyie were studied; 0.15 molal for the uni-univalent type of salt, and 0.075 
molal for the uni-bivalent type such as Na2S04 or CaCb. One-tenth dilutions of 
these solutions were also studied. The electrolyte at low concentration was rendered 
isotonic by making the dilution with isotonic (0.3 molal) glucose. 

In studying an}’- series of anions or cations, it was desirable to restandardize fre- 
quently the potentials of the isotonic NaCl solution. The resting potential of NaCl 
was taken for convenience as the basis of reference for comparison of other electro- 
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lytes. It was generally found to be negative, but usually less than ten milllivolts. 
The sign, negative or positive, refers always to the sign of the indicator electrode. 

A typical short series of determinations of resting potentials is given in table i. 
The results of a large number of experiments were averaged in table 2, where the 


Table i. Expemment 21 
Results on Resting Potentials. Details of Procedure 


RIGHT LEG 

LEFT LEG 

Time 

Salt 

Equiv. Cone. 

Solution 

No. 

Potential 


Equiv. 

Cone. 

Solution 

No. 

Potential 

min: sec. 




mtllitolls 




mitlivoll! 

0 

0 

0 

NaCl 

0.15 

I 

—6.1 

NaCl 

0.15 



0:30 







I 

- 3-1 

0:4s 



I 

- 5-9 





1:15 



0 

- 5-8 





1:45 







I 

- 3-6 

2100 



rt 

- 5.8 





2:30 







'y 

“ 3*4 

3:00 



3 

“ 5*5 





4:00 


* 





2 

-3.3 

4:30 



3 

“ 5*5 





5:00 







3 

-3.0 

5:30 

NaCl 

0.015 

I 

-18.5 





6:00 



I 

-17.4 





6:is 





KCl 

0.15 

I 


6:45 



2 

— ig.6 





7 ■•30 







' 2 


8:00 



3 

00 





9:00 




1 



3 



Table 2 . Average resting potential of various strong electrolytes 


SALT 

EQUIV. CONC. 

- ENaCl 

STD, DEV. 

NO. EXPERISIENTS 

KCl 

o.is 

-3.4 

±2.0 

II 

LiCl 

0.15 

+ 3-3 

d= 2.0 

II 

CaCl2 

0.15 

+ 5-4 

±2.4 

14 • 

MgCl: 

0.15 

4 " 8 ,o 

± 3-1 

IS 

NaBr 

0 

H 

+S.I 

±2.7 

20 

Nal 

O.IS 

+26.0 

±8.8 

25 

Na2S0< 

O.IS 

-7.9 

±2.5 

6 

Na Salicylate 

0.15 

-4.1 

±2.4 

27 

Na Benzoate 

0.15 

- 6.5 

±2.7 

6 

NaCl 

0.015 

— 17.0 

±4.4 

30 


values refer to the resting potential of NaCl. The results are arranged according 
to the Hofmeister series. Practically without exception the results on each animal 
gave the same series as that obtained from the average of all experiments. In 
addition, the potentials of 0.015 M NaCl are included, referred to 0.15 M NaCl as 
standard. 
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B. Depolarizing currents. In measuring depolarization of the articular struc- 
ture, the control circuit of figure 2 was utilized. The resting potential was read on 
the open circuit. At a given time signal the circuit was closed through the 205,000- 
ohm combined resistance. The voltage drop, Ei, across 5000 ohms was read imme- 
diately on the potentiometer. The reading of the instrument was continued at 
10- or 15-second intervals for one or two minutes. The circuit was reopened and the 
potential was again read as in the determination of the resting potentials. Currents 
were calculated by dividing Ei by 5000 ohms. The membrane potential at any 
instant was estimated by multiplying Ei by the factor 41, the ratio of 205,000 to 
5 , 000 . 

A few typical observations and calculations are given in table 3 for various 
electrolyte solutions. A more extensive summary of the data is presented in table 4. 

Table 3. Experiment 33 


Resiiug Currents and Polculials. Period of Dcpolorizotion i minute 


SALT 

EQUIV. CONG. 

RESTING poten- 
tial! E 

READING OK 
CLOSED CIRCDITl 

! 

1 

CURRENT I 

TOTAL RESIST- 
E 

ANCE Rt = *j 

TISSUE 

RESISTANCE 

R% = Rt 

- 205,000 



millholts 

amps X 10* 

ohms 

ohms 

Na Salic. 

0-15 

\ -10.4 

— 0.169 

- 3-4 

309,000 

104,000 

Na Benz. 

o.is 

-12.3 

— 0.180 

-4.0 

308,000 

103 , 000 

KCl 

o.is 

- 3-0 

-0.043 

-0.9 

333)000 

128,000 

CaCh 

0.15 

-1-2.9 

-bo.042 

-1-0.8 

362,000 

157)000 

MgCh 

O.IS 

-1-6.0 

-f-0.105 

+2.1 

286,000 

81,000 

MgCh 

0.015 

— II .1 

— 0.181 

-3.6 

308,000 

103,000 

KCl 

oiois 

— 10,0 

—0.103 

— 2.1 

476,000 

271,000 

NaCI 

0.015 

-6.4 

— 0.072 


457,000 

252,000 

LiCl 

o.ois 

- 7 -S 

— 0.102 


375)000 

170,000 

CaCh 

o.ois 

-S -7 

—0,068 

mSM 

407,000 

202,000 


1 In the 0.15 equivalent series, E; and E were nearly constant over the period of depolarization, i 
minute. The readings given are initial values, the value of E; being obtained about 10 sec. after 
closing the circuit. In the 0.015 equivalent series, Ei always fell rapidly at first, becoming steady 
after 15 or 20 seconds. The final constant currents are given. E is the membrane potential immedi- 
ately after opening the drcuit. 


The calculations are based on Ohm’s law and yield values for Rx, the resistance across 
the tissues. This is of the order of 100,000 ohms for the more concentrated solu- 
tions (0.15 equiv.), and much higher for the dilute solutions (0.015 equiv.). Ac- 
cordingly, the depolarization currents can be approximately predicted from the 
resting potential by dividing the total of the circuit (Rx 205,000). The varia- 
bility of Rx with concentration must not be disregarded for large concentration 
changes. 

It is also observ^ed that the currents and potentials were much more stable in 
the 0.15 equivalent solutions than in the one-tenth dilutions. With the latter, the 
current fell to a rather small fraction of its initial value and then became steady. 
This usually occurred within 10 or 15 seconds. When the circuit was reopened, the 
potential was also found to have fallen in proportion, but rapidly returned to the 
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polarized initial value. Neither potential nor current fell appreciably when the 
electrolyte concentration was 0.15 equivalent. 

In the dilute series of readings of polarization current given in table 3, final 
steady values of Ei are given and the potential is that at the end of the depolariza- 
tion period. 

C. Polarization currents. The circuit of figure 2 was employed in' the following 
manner. The variable resistance was adjusted to control the output voltage. This 


Table 4. Membrane resistance calculated erom derolarization cueeents 


SALT 

EQUIV. conc. 

NO. OP E3a*EailIENTS 

Rx 

KCl 

• IS 

s 

Mean and Std. Dev. 

97,000 ±12,000 


.ois 

4 

212,000 ±33,000 

NaCl 

• IS 

7 

85,000 ±10,000 


•015 

7 

233,000 ±41,000 

LiCl 

• IS 

5 

101,000 ±is,ooo 


.OIS 

4 

1 231,000 ±31,000 

CaCh 

• IS 

6 

110,000 ±20,000 


•OIS 

4 

243,000 ±44,000 

MgCij 

•IS 1 

3 

96,000 ±11,000 


• OIS i 

3 

220,000 ±28,000 

NaBr 

•IS 

4 

91,000 ±15,000 


• OIS 

4 

218,000 ±36,000 

Nal 

•15 

7 

84,000 ±17,000 


• OIS 

5 

222,000 ±41,000 

Na 2 S 04 

•15 

4 

107,000 ±16,000 


•OIS 

2 

251,000 + 

Na Salicylate 

•15 

5 

112,000 ±12,000 


• OIS 

3 

240,000 ±21,000 

Na Benzoate 

'^5 

1 ^ 

105,000 ±17,000 


was calibrated on the potentiometer, the leads of which were connected across the 
500-ohm resistance. The sign of the voltage was controlled by a pole reverser in 
the power circuit, so that current could- be sent in either direction. The sign of the 
current indicates the polarity connected to the indicator electrode of the joint. After 
calibration of the external voltage the selector switch was connected to the open cir- 
cuit position for the desired joint, the calibration switch was turned off and the resting 
potential was read. At a given time signal the circuit was closed and readings of 
the potentiometer were made at frequent intervals, accurately timed with a stop 
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watch. The current was applied for a definite period, usually one or two minutes 
accurately timed. 

Currents were calculated from the data by application of Ohm’s law. The ob- 
served voltage drop across the 'Sooo-ohm resistance when divided by 5000 yields 
amperage. When the applied voltage is divided by amperage, the total resistance 
Rt of the circuit is obtained. This represents the sum (Rt + 205,000) where Rt 
is the resistance across the tissues. Actually R^ is the total resistance between the 
leads of the silver chloride electrodes. The resistance through the reference elec- 
trode vessels and the KCl bridge is of a much smaller order of magnitude than Rx, 
which can be taken to represent the membrane resistance, with an error of less than 
1000 ohms. 

Detailed results are presented in table 5 for three experiments. The table also 
includes a summary of results of a much larger number of experiments. The results 
of the three detailed experiments are shown in figure 3. These indicate the relations 
between observed current and total voltage drop through the circuit. In addition, 
they illustrate the relation between current and the voltage drop Ex across the articular 
tissues. Details of the calculation are given in the tables. It is evident from the 
calculations that more constant values for Rt and Rx are obtained when the applied 
voltage was corrected by adding algebraically the membrane potential. The latter 
may either reinforce or oppose the applied voltage. The correction is relatively un- 
important at high applied voltages, but is quite significant at 0.5 volt or less. It is 
clear from figure 3 that the relation between current and voltage is linear for low 
voltages but that the ratio of the two is greater for tire 0.15 molal solution than for 
the dilute solution. This corresponds to the previously mentioned variation of Rx 
with concentration. Multipl3dng the current by Rx, the voltage drop across the 
tissues, Ex, is obtained. 

It is also evident from figure 3 that the straight line relation between current 
and voltage holds accurately only in the low voltage range (±0.5 volt). At higher 
voltages the curves are sigmoid and symmetrical about the origin. This is especially 
clear when current is plotted against Ex, the potential drop across the tissues. The 
deviation is in the direction of lower tissue resistance, Rx, at higher voltages. The 
deviation becomes quite pronounced when Ex is i volt or higher. The tendency for 
Rx to decrease is also evident from the calculations of table 5. 

D. Discharge potentials after polarization. After running the polarization cur- 
rent for an accurately timed period, usually one or two minutes, the circuit was 
opened and the membrane potentials were read as in the case of resting potentials. 
It was found that the initial potential depends on the sign and magnitude of the 
applied voltage, the time of polarization and on the nature of the solution. As one 
would expect, the polarity of the membrane corresponds to that of the current source 
applied to the mdicator electrode. WTien the polarity is positive the induced 
polarization is also positive. That is to say, current flows in the reverse direction 
when the external source is removed. The polarization potential varies with time, 
asymtotically approaching the resting equilibrium level. Two t5q)es of effects are 
distinguishable. At low voltages or for short periods of polarization, the potentials 
fell rapidly. Very often this decrease was seen to be linear when it was plotted ex- 
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ponentially against the time of discharge. This is clearly revealed by using semi- 
logarithmic graph paper with the displaced potentials plotted as ordinates and time 
as abscissa. Time of discontinuing the polarization current is taken as zero. Ordi- 
nates are plotted as dbAEp, the difference of observed polarization potential and 


Table 5 . Variation of current with applied voltage 


APPLIED 

VOLTAGE 

CORRECTED FOR 
MEitBRANE 
POTENTIAL 

El VOLTS 

X 101 

CURRENT I 

X 10 ’ 
5000 ^ 

(ohms) 

Ex (volt) 

nil CORE. 

Uncorr. 

Corr. 

Experiment 34 — 0.13 MNaCl 

0.00 

+0.011 

+1.9 

+3.8 

— 

71000 

+ .003 

—0.050 

-0.039 

-6.4 

-12.8 

186000 

I 00000 

— .013 

+0.050 

+0.063 

+ 10.8 

+ 21.6 

27000 

87000 

+ .019 

— 0.100 

0 

b 

CO 

- 15-0 

—30.0 

128000 

85000 

— .025 

+0.100 

+0.114 

+19. 8 

+ 39-6 

47000 

83000 

+ •033 

—0.250 

■ -0.237 

-41.9 

-83.8 

95000 

80000 

— .067 

+0.250 

+0.265 

+46.2 

+92-4 

65000 

82000 

+ .076 

—0.500 

—0.490 

-87.6 

-175.2 

80000 

75000 

-.131 

+0.500 

+0.514 

+90.1 

+180.2 

73000 

73000 

+ •155 

— 1. 00 

— 1. 00 

— 180 

—360 

73000 

73000 

— .262 

+ 1.00 

+i .01 

+ 182 

+364 

60000 

61000 

+ .266 

— 2.00 

— 2.00 

-379 

- 7 S 8 

64000 

64000 

-.486 

+2.00 

+2.01 

+365 

+730 

69000 

69000 

+ .518 

-3.00 

—3.00 

-sss 

— mo 

65000 

65000 

— .721 

+ 3-00 

+ 3-01 

+565 

+1130 

60000 

61000 

+ .690 

— 4.00 

-4.00 

-735 

-1470 

67000 

67000 

-.985 

+4.00 

+4.01 

+740 

+1480 

65000 

66000 

+ •975 

— 10.00 

— 10.00 

— 2008 

—4016 

44000 

44000 

-1.77 

+ 10.00 

+ 10.00 

+ 1992 

+3984 

46000 

46000 

+1.83 

Experiment 33 — 0.T3 M NaCl 

— 

1 .00 

— 162 

-324 

104000 

-•337 

+i .00 

+ 170 

+340 

89000 

+ .302 

— 

2.00 

-339 

—678 

90000 

— .610 

+2.00 

+348 

+696 

83000 

+ •577 

— 

4,00 

-709 

—1418 

78000 

— 1.12 

+4.00 

+71G 

+1432 

75000 

+1.07 

— 

6.00 

— 1087 

—2174 

72000 

-1-56 

+6.00 

+ 1098 

+2196 

69000 

+ I-S 2 

— 10.00 

-1949 

—3898 

52000 

— 2.02 

+10.00 

+1960 

+3920 

51000 

+2.00 


equilibrium (resting) potential The sign applied is that of the potential. Some 
linear polarization potential curves are shown in Sgure 4. 

The second type of effect is that produced by high voltage, 4 volts or more, ap- 
plied for two or more minutes. ^Vhen this effect is plotted on logaritlimic paper, it 
is found that there was a rapid initial fall of potential which reached a steady level 
of about 150 millivolts from the equilibrium level. This level may be maintained 
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for a period up to seven or eight minutes, producing a plateau in the curve. Even- 
tually there was a rapid fall of potential to the equilibrium level. At intermediate 


-500 
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-200 
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? r?8 
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0.015 M KA SALICYLATE 



♦ 2V0LTS APPLIED IMIWUTE 
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♦ KCL O CACL2 


EXPERIMENT 24 
EQUIV. CONCENTRATION OQiS 



+ IV0LT APPLIED 

1 MINUTE 

0 NACL 

o 

CACLg 

+ XCL 
• LICL 

e 

NGCL 2 


EXPERMENT 36 
EOUIV. CONCENTRATION 0.15 


I 2 

TIME IN MINUTES 



3 4 

TIME IN minutes 



Fig. 3. A. CtTrve 1, EXPT. 42. Current plotted against total applied voltage. Curve 2, expt. 42. 
Current plotted against voltage drop across tissues. Electrolyte, 0.015 M NaCl + 0.270 M glucose. 
Curve 3, expt. 34. Electrolyte, 0.15 M NaCl. Current plotted against tissue voltage drop. R. 
Curve I, expts. 34, 35; closed dots, 34, open dots, 35. Current plotted agamst total applied voltage. 
Curve 2, expts. 34, 35. Current plotted against voltage drop through tissues. 

Fig. 4. Linear depolarization potential curves. Ordinates, AEp plotted on logarithmic scale. 
Abscissa, time in minutes. 

Fig. 5. Depolarization curves at higher voltages. Time of charging two minutes. Upper 
curves, Na salicylate; lower curves, NaCl AEp plotted on logarithmic scale. 


voltages the plateau shortened, the type of curve undergoing a transition to the linear 
type of depolarization. It is characteristic that the plateau, when present, occurred 
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at a nearly constant level, generally displaced 150 millivolts or 200 millivolts from 
the equilibrium level. It was maintained longer when dilute electrolyte was trans- 
ferred than in the case of the 0.15 M solutions. It thus, evidently, depends on Rx, 
the tissue resistance. Accordingly, low values of Rx appear to facilitate rapid de- 
polarization of the membrane. The nature of the effects with dilute sodium salicylate 
and sodium chloride are evident from figure 5. In both cases the applied voltage 
was negative to the joint. Very similar effects are obtained, however, by reversing 
the current. They were obtained with ions of either sign, monovalent or divalent. 
In the discharge curves after application of 2 volts, the linear relation is seen to 
hold after about one-half minute. The rate of discharge at every voltage was ap- 
proximately the same after the period of rapid discharge began. 

RESULTS 

A. Relation of resting potentials to ionic mobilities. As a basis for quantitative 
calculations, it will be assumed that the resting potentials obtained with simple 
inorganic ions are essentially diffusion potentials or liquid junction potentials. 
Biological effects such as secretory or metabolic processes are probably involved in 
the behavior of the tissues with respect to many substances. Witli certain inorganic 
and organic ions, however, the laws of electrolytic diffusion will be applied as the 
basis of theoretical treatment. 


The theory of Henderson (2) applied to liquid junction potentials leads to the relation 

^ , . RT , Cl 

Ed = (ti - tj) — In — , 

' r C2 


(i) 


Ed is the diffusion potential at a liquid junction; ti is the Hittorf transference number of the cation; 
tj is that of the anion; and Ci and C2 denote the concentrations of the two solutions. R, T and F 
denote, respectively, the gas constant, the absolute temperature and the Faraday constant. 

The equation is applied as follows : From the data of table 2, the average value of tlie membrane 
potential of 0.015M NaCl is 10.7 millivolts negative to 0.15 M NaCl. Substituting this value in 

equation i and converting the constants, it is found that (ti — t2) = — where the temperature 

61.6 

is taken as 37°C. 

Since the sum of the transference numbers is unity, ti = 0.36 and t2 = 0.64. In water,from con- 
ductance data, ti° = 0.408 and t2° = 0.592 at infinite dilution.^ These values lead to a theoretical 
diffusion potential of — 1 1 .4 mv. The difference is within the standard deviation of the measurements 
in table 2. 

The type of determination in which the potential is measured between equally concentrated 
solutions of salts having one ion in common corresponds to that made by Lewis and Sargent (6) . 
In the case of uni-univalent salts the applicable formulae are those of Planck (g) where 


^ -f RT . (UNa -1- Ux-) 

Ed = In ; - 

F (UNa + Uci) 

and 


(2) 


RT (Ux+ + Uci) 

F (UNa -f Ucl) * 


(3) 


Here Ux and UX-f denote the ionic mobilities of the anion or cation that is substituted for chloride 
== Data obtained from International Critical Tables. 
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or sodium in the joint, while UNa and Uci denote the mobilities of these ions in the tissues. For 
interpreting the results, it is convenient to refer all mobilities to sodium, since the concentration of 
sodium ions in the bodj^ fluids approximates 0.15 M. It is then found that 



Accordingly^, from the observed average values of the membrane potentials, the apparent rela- 
tive ionic mobilities of anions or cations can be estimated, referred to sodium ions. Even in aqueous 
systems these equations are to be considered as approximation formulae. The ratios will be inter- 
preted as indicating only apparent mobilities. In applying formulae (4) and (s) the value 1.78 is 

taken for the ratio This is obtained from the dilution data on NaCl and represents the ratio 

Unu 

tl 


The results of the calculation are presented in table 5 . Apparent relative mo" 
bilities in the tissue are compared with relative mobilities of tlie same ions in water 
37 °C. The results indicate that the relative mobilities of Li+ and K"*" are about 
the same in the tissues as in water. Values for Cl, Br and I are all increased, I most 
markedly. The bivalent cations, Ca++ and Mg++, show much lower relative mobili- 
ties in the tissue than in water. Salicylate and benzoate, like the other monovalent 
anions, show greater relative mobilities in the tissue. Their mobilities are, however, 
lower than that of the chloride ion. 

The results can be arranged according to the Hofmeister series in increasing 
order of ^mobilities. 

Tissue 

f 

Anions: Benzoate < Salicylate < SOr < Cl~ < Br~ < I~ 

W ater 

Benzoate < Salicylate < CF, Br~, 1” < SO4 

Tissue 

Cations: Mg^"^ < Ca^^ < Li+ < Na'^ < K+ 

Water 

L\ < Na-*- < Mg'^ < Ca+" < K+ 

The most conspicuous effects are the displacement of Ca++ and Mg++ to the left 
of tlie series (low mobility in tissues) and the very pronounced shift of 1 “ to the right. 
The tissues apparently absorb iodide ions easily and bivalent cations poorly. The 
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relatively low mobilities of salicylate and benzoate are probably related to tbeir 
large molecular volumes compared to the other ions. Yet their apparent mobility 
relative to sodium is about twice as great in the tissues as in water. Evidently other 
physicochemical factors such as hpoid solubility or adsorption are involved. 

The results on the elementary ions are presented graphically in figure 6. Ap- 
parent relative mobilities are plotted against atomic numbers. The graph also in- 
cludes the relative mobilities in water. Several of the ions have approximately the 
same apparent relative mobilities in tissues as in water. The most striking exception 
shown on the diagram is iodide ion. 

B. Ions with unstable potentials. Several other ions besides those recorded in 
table s have been studied. Certain of these gave as a rule unstable potentials, and 
for that reason have not been included. Thiocyanate ion nearly always showed a 
high initial positive potential, rapidly drifting negative. Iodide ion occasionally 
showed a similar effect. In those cases where the potential drifted, a value was not 
included in calculating the averages. 

In addition, two salicylate derivatives were studied — the sodium salts of acetyl 
salicylate and of acetyl- 5-brom-saHcylate. The former was studied at 0.015 equiva- 
lent and the latter at 0.010 equivalent concentrations. The solubilities of the salts 
did not permit determinations at higher concentrations. Each of these salicylate 
derivatives gave in many cases potentials more negative than that of NaCl or Na 
salicylate at the same concentration. However, in a number of other cases each had 
the thiocyanate type of behavior, showing a high positive initial potential with a 
steady negative drift. The effect resembles that described by Hober with thiocya- 
nate on the resting potential of frog muscle (3, 4). Because of the nature of these 
effects, it is evident that the diffusion potentials involve other factors than those 
determining the potentials given in tables 2 and 5. The nature of these factors will 
require further elucidation. Usually the effects are quite reversible. 

C. Ionic antagonisms. Unstable or drifting potentials were also often encoun- 
tered with mixtures of two different cations. These were especially noted with mix- 
tures of a univalent and a bivalent cation. When the effect occurred, it was ob- 
served t)rpically that the potential of the mixture was more negative than that of 
either of the pure component ions. Thus, a one-half dilution of 0.15 M NaCl with 
0.075 ^ Cads would sometimes show a potential considerably more negative than 
that of either of the pure salts. The effects were not sufficiently reproducible to 
justify taking quantitative averages. However, there were some individual experi- 
ments that yielded results that are of interest. One such experiment is presented 
graphically in figure 7. 

Plotted as the abscissa are the equivalent ratios of Na and Ca, or of Na and Mg 
in a binary mixture. These ratios represent equivalents of one ion divided by the 
total equivalents of the solution. The pure salts are represented by the ratio i.o. 
In this experiment, the starting point was at A in the 0.075 ^ CaCh solution where 
the observed potential was about — 6 millivolts (upper half of figure 6) . This solution 
was replaced by mixtures in which part of the Na was replaced by Ca, at points 
B, C and D. There was little change of potential. E represents pure 0.075 M CaCb 
and F a one-tenth dilution of this, which caused the potential to go approximately 
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Fig. 6. Apparent relative mobilities of inorganic anions and cations plotted against atomic 
number. Values for Na taken as unity in water and in synovial tissue. 

Fig. 7. Antagonistic ion effects in salt mixtures. Upper curves, CaClrNaCl; lower curves, 
MgCli. Ordinates, potential in millivolts. Abscissa, fraction of total equivalent concentration 
due to each ion. 


Table 6. Apparent relative mobilities of the ions 


ION 

ATOMIC NUMBER 

Uj± 

U°x± 

(E - ENaci) 

"Na* 

TTf» iWATEE^* 

U Na+ 

(AVE.) 

Li+ 

3 

0.68 

0.77 

millivoUs 

+3-3 ' 

Na+ 

II 

I .00 

1. 00 

0.0 

K+ 

19 

1-34 

1.49 

-3-4 

Mg++ 

12 

0.49 

1.06 

“hS-o 

, Ca++ 

20 

0.90 

1. 19 

-hS -4 

Cl- 

17 

H 

00 

1.44 

0,0 

Br- 

3 S 

2.36 

1.48 

-ks.i 

I- 

S3 

6.87 

1.46 

-f-26.0 

SO7 


1.76 

1-50 

-7.9 

Salicj’late 


1.38 

0.60 

—4.1 

Benzoate 


H 

H 

00 

0.56 

—60 


1 Calculated from formulae of Planck (9) and Henderson (2). 

- Aqueous mobilities estimated at 37°C. from conductance data in International Critical Tables. 
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50 millivolts negative. The cycle was completed in tlie counter-clockwise direction 
through the points G, H, I, J and K, where the potential was about —4 millivolts. 
Then the cycle was reversed by varying the solutions in the order L, M, N, 0 , P, Q, 
etc. and was completed again at U. The ionic antagonisms are clearly shown in the 
sections F-L, J-P and Q-U, where the potentials of the mixtures are more negative 
than those of the pure salts. 

In the lower part of figure 7, the experiment is repeated with Mg in place of Ca. 
A clockwise cycle begins at A and ends at K, following the arrows. The antagonistic 
effect is noted in the dilute series (0.015 equiv.) but is not observed in the concen- 
trated range. 

It should be pointed out that with each of the three salts, the dilution effect 
found with -this animal was much larger than that usually encountered. The 
average effect .with NaCl is- about — 17 millivolts with a one-tenth dilution. In 
this case it was about — 50 millivolts on each of the salts, and it was quite reproducible 
through three cycles, each of which included three dilutions. On the basis of the 
theory of diffusion potentials, a potential of — 60 millivolts for tenfold dilution cor- 
responds to complete cation impermeability. Dilution potentials of this order of 
magnitude were found in about ten per cent of the experiments. 

D. Ringer’s solntion. In a number of experiments, observations were made on 
restmg potentials and currents with mammalian Ringer’s solution. The values 
were always very close to those for 0.15 M NaCl solutions, usually within ±2 milli- 
volts. The algebraic average 9! these positive and negative differences from the 
resting potential of NaCl was — 0.5 mv. in seven experiments. This is not a sufficient 
difference to be considered significant. 

DISCUSSION 

An exact theory of liquid junction potentials depends on a knowledge of ionic 
activities, transference numbers and the precise conditions of mixing at the liquid 
boundary. Even in simple liquid junctions, the exact mathematical solution of 
the .problem depends on the evaluation of integrals involving variations of trans- 
ference numbers and ionic activities across the boundary between two liquids (10). 
This evaluation becomes especially difficult where more than one electrolyte is in- 
volved, when there is more than one concentration gradient and when ions of different 
valences are to be considered. All of these difficulties are met in problems involving 
diffusion in physiological systems. Accordingly, the calculation of apparent ionic 
mobilities, according to the equations of Planck and Henderson, is of the nature of a 
semiempirical approximation. 

As such, the calculation indicates that for numerous ions in the synovial tissues 
the apparent relative mobility, referred to sodium ion, is close to that in water. 
For these ions, therefore, the permeability of the membrane depends primarily on the 
aqueous mobility of the ion. The alkali ions, chloride and sulfate ions belong in this 
category. Other ions appear to have greater relative mobilities in the tissues than in 
water. Iodide, bromide, salicylate and benzoate belong to this group. On the other 
hand, bivalent cations have lower apparent mobilities in tissue than in water. These 
results appear to indicate that hydration of the ions, or the position of the ions in the 
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lyophilic series, as well as the mobility in water determine the diffusion in synovial 
tissues. High molecular volume in the case of substances such as benzoate and 
salicylate would be a factor lowering mobility in both water and tissues. 

It seems noteworthy tliat in many cases the diffusion potential across a physi- 
ological membrane of high resistance (100,000 ohms) should correspond closely to 
that estimated from the Planck and Henderson formulae. This indicates that, ex- 
cept for iodide and a few other ions studied, there is little selectivity of the membrane 
at the inner surface of the joint cavity. Accordingly, one would picture a porous 
tjT^e of membrane, with a high internal resistance, permitting diffusion of most ions 
in proportion to their aqueous mobilities but of much less magnitude. 

It has been shown that the membrane resistance decreases rapidly when the 
voltage drop across the membrane is greater than i volt. The current in that case 
is about 10 microamperes or greater. As the current is increased in either direction-, 
resistance decreases, as shown in figure 4. It is possible that this indicates an in- 
creased electro-osmotic flow of water with the current. If this were the case, then a 
flow of water produced by a pressure gradient across the membrane would be ex- 
pected to bring about a change of the membrane potential. The mechanism corre- 
sponds to the streaming potential of colloidal electrochemistry. 

The mechanisms involved in the variations of potential and current during 
polarization and depolarbation may also be discussed from the point of view of 
physicochemical liquid junction potentials. Logarithmic depolarization curves of 
tlie type shown in figure 4 represent the type of curve obtained with discharge of an 
electrolytic condenser through a constant resistance. Current at any instant is 
proportional to difference of potential across tire conductor. Difference of potential 
is proportional to the charge or to the polarization potential. The integrated form of 

the equation for £ is In £ = In £° — “ where £” is the polarization potential 

KC 

at zero time, R denotes resistance in ohms, C capacity in farads and i is the time in 
seconds. From figure 4 the value of C can be estimated. The time for the potential 
to fall to half its value at any instant is about 30 seconds for the two lower sets of 
curves and about 60 seconds for the upper curves. Substituting 100,000 ohms as the 
value of R, C is seen to be of the order of 100 microfarads. 

In figure 5 it is shown that the membrane can maintain a nearly constant po- 
tential difference of about 150 millivolts for several minutes. During this time, a 
current of approximately 0.75 microampere is produced, if i? is estimated as 200,000 
ohms. Accordingly, about 45 microcoulombs of charge are transferred per minute or 
about s X io~^° equivalents of ions. Taking the volume of the joint fluid as i cc., 
this is of the order of a concentration change of 5 X io~’® equivalents per hter. These 
ions are evidently stored at constant potential difference. The mechanism of the 
depolarization process might be pictured as follows. During the flow of polarization 
current across the membrane, the polarization vector is along the lines of force nor- 
mal to the membrane surface. , ■\\flxen the current is cut off, depolarbation imme- 
diately begins. The first step to be predicted is the equalbation of the potential 
at the membrane surfaces, the ions flowing tangentially along the surfaces from the 
points of highest polarization. The membrane potential, which is measured in the 
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direction of tlie initial lines of force, falls rapidly until the potential of each surface 
is equalized tangentially. Simultaneously tliere is also depolarization normal to 
the surface produced by current across the membrane. I^Tien the membrane po- 
tential reaches a value of about 150 millivolts, it becomes constant. This represents 
a difference of potential extended across the membrane in the direction normal to 
both surfaces. When the excess of ions (5 X 10-1“ equivalents per minute) has 
been discharged, the membrane begins to depolarize according to the logarithmic 
law. The value 150 millivolts thus represents a saturation value for the membrane. 
For a capacity of 100 microfarads the charge of the membrane would be 15 micro- 
coulombs, or about one-third the quantity discharged per minute in tlie steady 
state at 150 millivolt potential difference. 

' In the light of these ideas, it is possible to e.xplain the effects observed with 
resting depolarization currents. It was found that steady currents and potentials 
were obtained with all salts at 0.15 equivalent concentration. With the one-tenth 
dilutions, rapidly decreasing currents and potentials were obser\^ed, resulting in a 
final steady state. In the latter case, a final potential of — 10 milhvolts produced a 
current of about — 2 X io~® amperes as a steady state. The initial potential and 
current were about twice these values and fell to the steady state in about 15 seconds. 
This corresponds to an initial charge of 2 microcoulombs, and a final charge of 1 
microcoulomb. Taking an average current of —3 X io~® amperes for 15 seconds 
the transfer of charge is about 0.5 microcoulomb. In the steady state, when the 
current is —2 X io“® amperes, tliis represents a transference of electrolyte at the 
rate of 0.72 X io““ equivalents per minute, taking the transference number of the 
anion as 0.6. This would represent a change of concentration within the joint 
cavity of 0.72 X 10“^ equivalents per liter per minute, taking the volume of the 
joint fluid as i cc. In the steady state anions and cations are being transferred at 
equal rates. At this point the rate of depolarization, as measured by current through 
the outer circuit, equals the rate of polarization determined by the difference of 
mobility of the ions. 

The steady resting currents ob tamed with salts at 0.15 equivalent concentration 
are also readity explained. In this case there is no concentration gradient for tlie 
ion that is common to both liquids. With the circuit closed, this ion carries current 
at approximately constant (zero) gradient. Of the other two ions, the more mobile 
one carries current across the membrane; the other is involved in the electrode 
reaction. Thus, with Nal in the joint, iodide crosses the membrane, carrying nearly 
90 per cent of the current, while sodium migrates in the opposite direction carrying 
the remainder. Chloride deposited at the reference electrode and liberated at the 
indicator electrode is equivalent to the sum of iodide removed from the cavity and 
sodium entering it. With the currents and times involved, the equivalents trans- 
ferred are of the order of 10“^ per liter. The membrane reaction is of the nature of 
an exchange of anions or cations depending on concentration gradients and individual 
ion mobilities. With 0.015 equivalent solutions in the joint cavity, the process at 
the membrane always involves flow of the ion of greater mobility in the direction of 
the concentration gradient. This determines direction of current flow in the outer 
circuit and the migration of the less mobile ions. 
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It is evident that from the theory of diffusion potentials, not only the magnitude 
and sign of the potentials and currents are predictable but also the stability imder 
various conditions. Quantitative transference of various ions across the synovial 
membrane can, therefore, be estimated from electrochemical and bioelectrical data. 

SUMMARY 

1. Resting potentials across the 53010 vial membranes of the knee joints of dogs 
have been determined in vivo for the alkali and alkaline earth cations and for halides, 
sulfate, benzoate, sahcylate ions and some salicylate derivatives. 

2. In a closed circuit across the membrane, currents have been determined for 
the same electrolytes with or without applied external voltage. 

3. From the membrane potential and current values, resistance of the tissues 
in ohms has been estimated. For low applied voltages, current is directly propor- 
tional to E.M.F. corrected for membrane potential. At higher voltages ohmic 
resistance decreases. 

4. Polarization potentials have been observed after applying current and the 
rates of depolarization determined. 

5. By means of the Planck-Henderson theory of diffusion potentials, apparent 
relative mobihties of the ions have been calculated from the data. In many cases, 
relative mobilities have been found to correspond closely to the values calculated 
in aqueous solutions. Consistent Hofmeister series effects have been observed. 

6 . Antagonistic ion effects, the effects of concentration changes and effects of 
ions with unstable potentials are described. 
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A N ESTIMATION of the concentrations of several substances in interstitial 

/% fluid surrounding the cell may be made under certain circumstances by 
i .A. determining their concentrations in serum. With respect to diffusible 
ions, the distribution across tlie ‘vascular membrane’ is believed to be in accord with 
the Gibbs-Doiman equilibrium. Many data have been reported which support the 
conclusion of Loeb, Atchley and Palmer (14) that “the relationships between serum 
and edema fluids result from a simple membrane equilibrium, influenced in part by 
the proteins present” (5, 6, 7, 9, 10, 15). Clearly, the equilibria attained by chloride, 
bicarbonate and sodium are in such good agreement with tire tlreoretical ratios that 
this principle has been well established. 

The equilibria reported for potassium (as well as for calcium and phosphate), 
however, indicate that a significant proportion of this ion in tire serum might have 
been in a nondiffusible state (bound). Inspection of the reported data reveals an 
extraordinary degree of variation in the K equihbria which existed between serum and 
various extracellular fluids (pleural, peritoneal and subcutaneous) ; the ratios of con- 
centration in fluid water to concentration in the serum water (RsfK) varied from 0.40 
to 1.07. If such unpredictable deviations from the anticipated tlieoretical equili- 
brium ratio for a freely diffusible ion do indeed exist, then any estimate of the [K] 
of the extracellular fluid from analysis of the sermn would be liable to enormous error. 

Investigations in this laboratory of the effect of [K] in extra- and intracellular 
milieux on neuromuscular function required a reliable means of estimating the [K] 
of interstitial fluid. We have, therefore, re-examined the distribution of K and of 
Na between the serum and certain readily obtained extracellular fluids in man. 

METHODS 

Sera and body fluids were analysed for K and Na in a modified Berry-ChappeU- 
Barnes internal standard flame photometer (i). The photometer was designed as a 
null-point instrument. The sensitivity of the circuit was such that the precision 
vernier dial readmgs were reproducible to within 0.005 mEq/1. of K and o.oi mEq/1. 
of Nal The internal standard, lithium, was added to both standard and unknown 
solutions to effect a final concentration of 100 p.p.m. for K analyses and 800 p.p.m. 

Received for publication April 16, 1948. 
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for Na analyses. The overall accuracy of this instrument is indicated by the follow- 
ing studies. 

Recovery of added K from 22 biological fluids (sera, exudates and transudates) 
and 12 solutions of sucrose varying in concentration from one to 20 per cent yielded 
a mean error of i.o per cent. The spread of errors is indicated in the following table. 


Error, in % 0-0.9 i. 0-1.9 2.0-2. 9 3. 0-3. 9 4. 0-4. 9 7.0 

No. of analyses 15 6 7 4 i i 

Cumulative % 44 62 82 94 97 100 


Seventeen consecutive duphcate dilutions and analyses of biological fluids yielded 
a mean difference between the two samples of o.i mEq/ 1 . The distribution of 
differences is presented below. 


Difference in mEq./l 0.0 o.i 0.2 0.3 0.4 0.5 

No. of analyses 6 4 4 i i i 

Cumulative % 35 59 82 88 94 100 


Sera and fluids were diluted i : 10 for K and i : 100 for Na analyses. Volumetric 
errors^ntroduced by viscosity (10) were minimized by measuring samples between 
marks. All analyses were performed in duplicate. 

Samples of blood and fluid were drawn within tire space of a few minutes, Wliole 
blood was drawn into dry, oiled syringes from artery or vein without stasis and sub- 
jected to immediate centrifugation under oil. When in the course of a few minutes 
the cells had been partially thrown down, clear supernatant serum was pipetted off 
and recentrifuged at 3000 r.p.m. for 1 5 minutes. The upper two thirds of the sepa- 
rated serum was immediately pipetted off for analysis. The possibiUty of hemolysis 
was excluded by spectroscopic examination. The fluids similarly were centrifuged 
at high speed under oil. Subcutaneous edema fluid was collected through hypoder- 
mic needles or Southe)'- tubes. 

The concentration of protein in serum, pleural and peritoneal fluids was deter- 
mined by a macro-Kjeldahl method (2). The concentration of protein in sub- 
cutaneous edema fluid was determined by a modified micro-Kjeldahl method (12). 
The nonprotein nitrogen concentration of subcutaneous fluid was assumed to equal 
that determined in the serum (4). 

The proportion of water in tire various fluids and serum w’-as calculated as 100 — 
the protein content in grams/ 100 ml. 

The patients who were studied suffered from a variety of disorders in which there 
was accumulation of body fluids. None was significantly acidotic as judged by the 
j carbon dioxide combining power of the serum. 

RESrJI,TS 

The distribution of K and of Na bebveen serum water and other extracellular 
water in the 22 cases studied is presented in table 1. The mean RafK was 0.92 
(range: 0.82-1.03); the mean RsfNa was 6.96 (range: 0.91-1.00). It will be noted 
from inspection of the data tliat no correlation exists between the value of the dis- 
tribution ratio and the concentration of protein in either serum or extracellular fluid. 



Tabue I. Distribution of K, Na and protein between sera and certain 

EXTRACELLULAR FLUIDS 


PATIENT 

DIAG- 
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SOUKCE 

K 

Na 

PEOTEm 

EATIO 

PLTTID 

SERtm 

fluid 

scrum 

fluid 

serum 

fluid 

serum 

K 
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mEg. per liter 0/ water 

grams % 



Si 

s 

E 
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0.6 
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0.8s 

0.98 

We 
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E 
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— 

Fa 
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E 
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0.3 
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0.89 

0.96 

Wa 

c 

E 

V 
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3 -S 
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132.8 

0.7 
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0.89 

0.93 

Wa 

c 

E 

V 

6.4 

6.7 

126.2 

128.2 

2.0 

6.8 

0.96 

0.98 

Li 

c 

■ E 

V 

4.4 

4 -S 

138.3 

147.2 

0.7 

6.0 

0.98 

0.94 

Ma 

c 

E 

V 

4.2 

4.8 

137-9 

147.8 

0.3 

6.6 

0.88 

0.93 

Fo 

c 

E 

V 

5-7 

6.6 

128.2 

130.2 

O.I 

6.1 

0.86 

0.98 

Re 

c 

E 

A 

4.1 

4-7 

133-0 

142.8 

0.4 

5-0 

0.87 

0.93 

Sm 

c 

C 

V 

4.1 

4.7 

134.2 

136.7 

1.6 

6.0 

0.87 

0.98 

Sh 

T 

C 

V 

4-4 

4-4 


— 

5.7 

7-1 

1 .00 

— 

Hi 

c 

C 

V 

3-9 

3-8 

138.4 

138.2 

5-1 

6.7 

1.03 

I .00 

Hi 

c 

C 

V 

3-9 

4-5 

122.2 

134.7 

4.0 

7-2 

0.87 

0.91 

Kr 

c 

C 

V 

4-5 

5-2 

135 -I 
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2.0 

7.5 

0.87 

0.93 

Lc . 

L 

C 

V 

4.1 

4-3 

145-4 

147.0 

0.9 

5.6 

0.95 

0.99 

Go 

P 

C 

V 

S-i 

5-4 

144.8 

145.8 

5-7 

6.5 

0.94 

0.99 

Bu 

C 

C 

V 

3-9 

3-9 

138.3 

144.0 

■B 

7-1 

1 .00 

0.96 

Ni 

mm 

C 

V 

4-5 

5-5 

138.0 

137-8 

M 

6.0 

0.82 

I .00 

Sa 


P 

V 

3.9 

4-2 

— 

— 


5-1 

0.93 

— 

Br 

II 

P 

V 

4.1 

4.4 

142.5 

144.7 

2,2 

4.9 

0.93 

0.99 

Le 

11 

P 

V 

4-9 

5-6 

134.8 

138.7 

0.9 

6.6 

0.88 

0.97 

Ta 

H 

P 

V 

4.4 

4-6 

134.2 

141.7 

1,2 

6.1 

0.96 

0.95 

Mean 

0.02 

mm 

S. D 

0.06 

lii 

S. E. nf mean 

O.OI 

m 













Diagnosis: Source of Specimens: 

C — Cardiac failure S — Sprue E — ^Edema V — Venous serum 

L — Cirrhosis T — ^Tuberculosis C — ^Pleural fluid A — ^Arterial serum 

P — Pneumonia P — Peritoneal fluid 


Rsf 

M'UiS 
1 !^ 


1.0 

0.9 

0.8 


serum 

HtO 0.7 


0.6 

0.5 


DISTRIBUTION OF K+ ACROSS THE " CAPILLARY " 




0.95 


I 


-L MAN 


KF- 


DOG 


A B C D E F AUTHORS G 

1922 , 1925 1927 1931 1934 1948 1931 

Fig. i_. Mean distribution ratios are indicated by solid circles and the range of individual de- 
terminations by the vertical lines. The investigators are identified by the following references: 
^ (15), B (14), C (6), B (9), E and G (7), and F (5). 
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DISCUSSION 

The distribution ratios for K which have been reported previously for 50 indi- 
vidual determinations by six groups of investigators are summarised in figure i. 
The mean RsfNa of these studies was 0.96 (range: 0.94-1. 01). With the passage 
of years the mean RafK has risen steadily toward that value found by most investiga- 
tors to define the distribution of Na, Cl and HCO3. In the present study the differ- 
ence between K and Na is small but statistically significant. 

There are several possible explanations for the observed difference between RsfK 
and RsfNa. 

1. Analytical factors. Technics for estimating the concentration of Kin biologi- 
cal fluids have undergone periodic improvements. Some early workers suspected 
that methodological difficulties accounted for the erratic and low RsfK which they 
observed (16). This factor may underlie certain wide variations in the reported 
data. 

2. Escape of K from erythrocytes. Shed human blood undergoes a significant 
redistribution of K between cells and serum. When blood is held at 7°C. the escape 
of K from cells increases the serum concentration at a linear rate of o.i to 0.3 mEq/ 1 / 
hr. At 25°C. K moves in the same direction, but at 37°C. erythrocytes remove K 
from serum (3, 8). 

The usual technic for obtaining serum permits a period of at leasti 15 to 20 
minutes to elapse between drawing the whole blood and separating the senim. This 
provides time for the transfer of sufficient K from cells to serum to increase the serum 
concentration by approximately 0.03 to o.i mEq/ 1 . Furthermore, when serum is 
separated from clotted blood and then subjected to high speed centrifugation, a thin 
layer of red blood cells frequently may be seen lining the bottom of the vessel. 
Thus, the usual technics which are employed provide an ample opportunity for the 
escape of small but significant amounts of K from cells to serum. Theoretical cal- 
culations indicate that an escape of but 0.2 per cent of the total intraerythrocytic 
K will increase serum [K] by 0.2 mEq/ 1 .; and this rise in serum [K] will account for 
an apparent fall in RsfK from 0.96 to 0.92. It will be noted that the difference in the 
K and Na distribution ratios determined here is of this same order. 

The observations of Greene et al. support the suspicion that leak of K may ac- 
count for the apparent depression of the distribution ratio for K. These investiga- 
tors found a mean RafK of 0.75 in man; using the same technics they observed the 
ratio to be 0.94 in dogs (7). The [K] in the erythrocyte of the dog is approximately 
one-twelfth that of man (ii). There would, presumably, have been escape of less 
K from the dog’s red cell and this may well have underlain the observed discrepancy. 

3. Protein ‘binding\ The data reported here might be interpreted to indicate 
that a small portion of the K in serum is not free to diffuse, perhaps because it is 
rendered inactive or ‘bound’ by serum proteins. Ingraham et al. have studied the 
distribution of K and other ions between dog’s plasma and its ultrafiltrate produced 
across a collodion membrane (10). Experimental variations in PCO2 exerted on the 
plasma to alter pH from 7.0 to 7.7 produced a fall in mean RsfK from 0.90 to 0.82, 
and in mean RsfNa from 0.93 to 0,91. These changes in degree of diffusion resulting 
from changes in pH were attributed to alterations in cation binding by the serum 
proteins. 
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The explanation, tlierefore, of the small discrepancy in the data reported here 
between RafK of 0.92 and RscNa of 0.96 is uncertain. In any event, the probable 
error introduced by the escape of K from cells to serum may well account for the 
larger part of tire difference. Under tlrese circumstances tire amount of K which is 
‘bound’ by serum' proteins becomes virtually insignificant in terms of presently 
available anatytical techrrics. 

If this interpretation is correct, it would appear proper to assign K to the same 
category as Na, Cl, and HCO3 and, for practical purposes, consider it to exist in a 
freely diffusible state in serum and to distribute itself between serum and interstitial 
fluid in consonance with the Gibbs-Donnan equilibrium (13). From these considera- 
tions it is concluded tlrat, if due care is exercised to minimise the transfer of K from 
erythrocides to serum, a measure of serum [K] provides a useful estimate of inter- 
stitial fluid fK]. 


SUMMARY 

1. Distribution ratios for K and Na have been determined in 22 instances in man 
by analysis of serum and of pleural, peritoneal and subcutaneous fluids. 

2. Mean RafK was 0.92 (range; 0.82-1.03) mean RatNa was 0.96 (range: 
0.91-1.00). 

3. Under tire circumstances of sampling blood tliere is ample opportunity for 
the transfer of K from cells to serum sufficient to lower the observed ratio from that 
indicating free diffusibility (0.96) to tlrat determined here (0.92). 

4. K would appear, therefore, to exist in a freely diffusible state in serum in 
terms of presently available analytical techrrics, and the distribution of K between 
serum and interstitial fluid is consonant with the values predicted by the Gibbs- 
Donnan equilibrium. 

We are deeply indebted to Dr. John W. Berry for his generous advice in the construction of our 
apparatus and to Mrs. Martha Jaffe for her valuable technical assistance. 
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BILE ACIDS AND THEIR CHOLINE SALTS APPLIED TO THE 
INNER SURFACE OF THE ISOLATED COLON AND 
ILEUM OF THE GUINEA PIG 

ARTHUR E. MEYER and JEAN P. McEWEN 
From the Research Division Fellows Pharmaceutical Laboratories 

NEW YORK, NEW YORK 

T he widespread notion that bile salts have a laxative action has never been 
proven convincingly. Glaessner and Singer (i) have shown that rectal 
introduction of bile causes prompt defecation. Schliipbach (2) found no 
definite effect of bile on the movement of a Vella fistula in the dog. Application of 
bile to the serosa of the rabbit’s intestine in situ caused inhibition, while the isolated 
large intestine of the cat was stimulated. Errico (3) and Berti (4), by application of 
bile to the outside of the intestine, obtained inhibition, while rectal introduction 
stimulated activity. Ott and Scott (5), working with rabbit’s and cat's gut in situ 
and in vitro, reported variable results in either case. 

Application of agents to the serosa of the gut does not correspond to physiolog- 
ical conditions. We have shown (6) that physiological agents, applied to the 
isolated intestine, have a different action whether applied to the serosa or mucosa. 
Boulet (7), applying bile to the inside of isolated human and animal intestines, 
obtained variably inhibition and stimulation. Unfortunately, his preparations 
were not taken fresh from the living organism and had lost much of their original 
sensitivity, as is evidenced by the high inside pressure required to elicit peristalsis. 

In the present investigation various bile acids at varying concentrations were 
applied to the inside of the intestine, using the distal colon and the ileum of the 
guinea pig. We also tested the choline salts of the same bile acids. Choline cholate 
and desoxycholate have been prepared before by Glucksmann (8). It is claimed in 
his patent publication that these compounds, given orally, exert a laxative action due 
to the preservation of the efficacy of choline, otherwise lost in oral medication. No 
evidence is presented for this claim. 

IiIATEXa.AL AITO METHODS 

The substances investigated were choline chloride, cholic acid, desoxycholic 
acid, purified bile acids consisting of the natural mixture of glycocholic and tauro-; 
cholic acid as obtained from ox bile; choline cholate containing 27.5 per cent choline 
calculated as chloride; choline desoxycholate containing 27.5 per cent choline; 
choline salt of bile acids containing 22.5 per cent choline. 

Dehydrocholic acid was not used, because its solubility at the pH of Tyrode 
solution is too low. The choline salt of that acid could not be obtained. 

The apparatus and procedure are described in our previous paper (6). In the 
present work, we investigated also" the effect of washing the gut after treatment by 
emptying and refilling with Tyrode solution. The w'ashing of the colon offered no 
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difficulty, but caution was necessar}’ in the case of the ileum because the moving fluid 
easily stimulated it into spastic contractions at the lower outlet and caused distention 
of the upper part. The material was dissolved in Tyrode solution and the pH 
readjusted to 7.3-7 .4. The quantity of medication in each case was diluted to i cc., 
injected through the rubber tubing leading to the gut, and washed into it with .5 cc. 
of Tyrode solution. 

Sixty-five guinea pigs were used, each pig supplying one strip of distal colon and 
two or three of ileum. 


RESULTS 

■ Peristaltic oscillations {pY of the colon usually begin at the low inside pressure of 
1-2 cm. The p contraction begins at the upper end and travels down while the gut 
contracts longitudinally. This is followed by relaxation in both movements. There- 
fore, both levers move in the same direction. This coincidence of waves, however, 
does not apply to the amplitude, in which respect opposite effects are often observed. 
With increase in the h, the p waves are often considerably diminished while the I 
waves may increase. Decreased registralion in p waves does not necessarily mean 
rest or relaxation. At high ii small peristaltic waves may follow in quick succession, 
without causing propulsion of liquid, and therefore this activity is not adequately 
shown in the record. 

The quick succession of small waves corres])onds to overstimulation. A drop 
in li, as obtained by washing, causes a slowing in the rate of the waves. 

A peristaltic wave in the ileum begins in most cases with a slight longitudinal 
contraction; then, while p travels down, the gut lengthens. Therefore, both levers 
move in opposite directions. A maximally stimulated h may coincide with a relaxed 
tp, or an increased tp may temporarily extend over the whole length of the gut. 

The small intestine only exceptionally gives a continuous oscillation. As a rule, 
there is a group of waves followed by a period of rest at moderate Such wave 
groups may be elicited by outside stimuli. Immediately after one wave group, the 
sensitivity is low, the longer the rest period, the larger is the amplitude and number of 
following contractions. If h increases, the rest period becomes longer until finally 
the gut is without movement at high h and low Ip. The responses produced by the 
various substances are presented in the table and illustrated in figures i to 8. 

Figure 9 shows the stimulating effect of choline bile acid salt on a colon strip 
that had been left without oxygen for 15 minutes and hence performed poorly. 

Intestinal strips maximally shortened after application of any of the choline . 
compounds failed to relax if ^ mgm. of papaverine-HCl (which gives wdth Tyrode 
solution at pH 7.4 an opalizing solution of papaverine base) was placed inside the gut. 
The same dose, given to the outside bath of 250 cc. caused immediate maximal 
relaxation. 

All compounds exerted a stimulating effect on the intestine after application to 
the mucosa although not always in identical reactions. High h not only offers 
resistance to I but also to the ^-movements manifested by a slowing of the waves, 
and— predominantly in the ileum — ^by ultimate arrest. The intestine in high tonus 

^Abbre\dations used; longitudinal tonus — tf, peristalic (circular) tonus — longitudinal waves— 
1; peristaltic waves — p. 




Fig. 1-4. Time internal, 10 seconds; upper tracing, longitudinal movements; lower tracing, 

transversal movements 

Fig. I. Sttmulation of colon by choline. Drop in longitudinal tonus after washing and enor- 
mous stimulation bj’’ choline desoxycholate. The upper lever was lowered twice at ‘a’ to keep the 
tracing on the paper. This compensated in the tracing for the tonus increase. Time between 
sections of record, 3 to 5 minutes. 

Fig. 2. Temporary ionus increase by choline bile adds salts, as compared with permanent 
increase and slow large waves caused by choline desoj^’cholate. 

Fig. 3. SnMOLATiON AND TEMPORARY ACCELERATION of Colon by choline cholate, inhibition by 
higher doses and effect of washing. After 3 rogm. upper lever had to be raised to prevent overlap- 
ping of tradngs since there was a relaxation of 

Fig. 4. Effect of choline cholate on ileum and effect of washing. Note group movements. 
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S“9- Time interval, 10 seconds; tipper tracing longitudinal movements; lower tracing, 

transversal movements 

Fig- S- Sthiolating eitect of cholic acid on colon. Absence of tonus increase. 

Fig. 6 . SimuLATiON of ileum by cholic acid; 10 mgm. caused tonus increase and inhibition. 

Fig. 7. Desoxychoiic acid on colon. Stimulation with tonus increase. Regularizing effect of 
washing. 

Fig. 8. Desoxycholic acid on ileum; 2 mgm. stimulation; 4 mgm. inhibition. 

Fig. 9. See text. 
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Table 1 


SUBSTANCE 

DOSE 
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1 RATE 

1 AMPI.. 

p EATE 

p AlTPt. 

EFrECT OF WASHING 
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fftsm. 








Choline chlo- 

I“2 

Inc. 

Pass, inc 


Inc. 


Inc. 


ride 

5-10 

Add. inc. 



Dec. 

Dec. 

Dec. 

Ti Dec.; 1 and p 
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2-4 
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Pass. inc. 
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Inc, 
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up to 30 
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I. St. inc. 

Dec. 

I. St. inc. 

Ti unchanged. 



inc. 



2 . SI. dec. 


2 SI. dec. 
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3 
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Inc. 


Dec. 

Inc. 
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I. Inc. 
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Cholic acid 
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Add. inc. 
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20 
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dec. 
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3 
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Inc. 
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Parti: inc. 1 P 






2 . Dec. 


2 . Dec. 

Contd: Dec. 
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Dec. or 

T( dec . gut relaxed, 






cess. 
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Inc. 


acid 

4- 

Mod. inc. 
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Rela.\ed, inactive 









































































May 194S 


BILE SALTS AND INTESTINAL MOTILITY 


391 


Table 1 — Conlinucd 


SUBSTANCE ! 

1 

DOSE 

It ! 

1 h 

j / TIATE 

j / AMPL. 

j p R.\XE 

p AMPL. 

1 EFFECT OF WASHING 

llciim— Continued 

Bile acids 

msm. 

12.5 

No ch. 

No ch. 

SI. pass, 
inc. 

1 

Inc. 

Dec. or 

cess. 


Inc, 

1 

Dec. or 

cess. 

Waves are restored. 

Choline salt 
of bile acids 

3 

Inc. 

Spastic 

Dec. 

Pass. inc. 

Dec. 

Pass. inc. 

Motionless, relaxed. 

Cholic acid 

j 

i 

■ 

Add. mod.i 
inc. 

Add. inc, 

1 


Dec. 

Inc, 

Dec. or 

ccss. 

Dec. 

Inc. 

Dec. or 

cess. 

Motionless. 

Choline cho- 
late 

3 ormore 

10 

15 

Inc. 

Add. inc. 

Add. inc. 

! 

No ch. 

Dec. 

Dec. 

1 

Either cc: 
large w; 

Inc. 

Dec. 

iS. of 1 and p 
ives dr super, 

Dec. 

Dec. 

i 

with occasic 
ficial quick > 

Inc. 

Dec, 

)nal slow 
vaves 

Motionless. 


Abbreviations 


Inc. —increase 
Dec. — decrease 
Add. —additive 
^lod.— moderate 


SI. — slight 
Pass. — passing 
St. —strong 
Irreg. — irregular 


Cess.- cessation 
Sp. —spastic 

1. — first response 

2. — later response 


is also less ready to respond witli waves to incidental stimuli. The fact that in the 
small intestine both muscle layers work in the opposite direction causes some mutual 
inhibition of wave movements when the tonus of both layers increases as occurs after 
application of choline compounds. In the large intestine where both muscles work 
in the same sense, no interference exists and consequently complete arrest obtains 
only by maximal stimulation of tonus. 

Among the compounds tested, the various bile acids have more of a stimulating ' 
effect on the rhythmic contraction than on the tonus, although this latter effect is 
always present at high doses. The mixture of conjugated bile acids seems to be the 
least efficient; while desoxycholic acid is the most active. The early inhibiting effect 
of the latter on the small intestine at relatively small tonus increase shows that the 
inhibition in the ileum is not exclusively a matter of tonus. Cholic acid shows a 
feature not observed in the other compounds — namely, a decrease of the longitudinal 
tonus of the colon at low dosage coinciding with a temporary p increase. Tonus 
increase with larger doses is not as high as with desoxycholic acid. 

Choline chloride proved to be a powerful stimulant of both tonus and oscillatory 
movements with an early appearance of the competitive effects of both tendencies. 
While some intestinal strips showed extreme rhythmic movements after moderate 
doses, others were at rest in spastic contractions of both layers. Washing-out left 
such segments relaxed, as of exhaustion. The choline-bile acid compounds showed 
a combination, or moderation of both effects. Due to an increased stimulation of 
the oscillatory movements, the arrest of I and p by high tonus was delayed, or 
prevented altogether. 
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The tonus' increases with bile acid-choline salt are not sustained, the gut tends 
to become inactive (fig. 2 ). Choline cholate shows the unusual case of a frequency 
stimulation in the colon at low dosage. This is a parallel to the drop in U by cholic 
acid. At high dosage it increases the tonus considerably and slows the rhythmic 
movements. After choline desoxycholate, which is the most powerful agent, the 
oscillations in the colon seldom., really cease, but are transformed into very slow 
waves of large amplitude. In the small intestine, tonic arrest may occur. 

After partial washing following these choline compounds, the gut usually shows 
strong rhythmic activity, while prolonged washing causes relaxation. 

In comparing our investigations with those of Boulet it appears that the con- 
centrations applied by him were considerably higher than those in our experiments. 
In the light of our results, his intestinal preparations were first stimulated, then 
brought to spastic rest and finally to relaxation by fatigue. The concentrations of 
bile salts in bile are decidedly higher than those employed by us, but the factor of 
physiological dilution in the intestine is unknown. 

From our experiences, we conclude that bile has a regulating influence on 
intestinal activity, but it is not justifie4 to ascribe to bile an outspoken laxative 
effect, because large doses^muld rathen lead to tonic arrest of peristalsis than to 
excessive activity, /x > . - A f \ 

/A-'- '■-oA 

/ "'i' SUMMARY \ X Ji 

1 ' ■ ■•c •. ’V'' ^ >3 

Conjugated bjle acids, desoxycholic and chohd.^i^^ choline, and also the choline 
salts of these bile 'gcidk exert anal^oi^Jnfltr^'ces^fi the small and large isolated 
intestine of the guinetiT^g, when applied to th^rfternal surface. Low doses always 
cause stimulation of the^ffi^thmicjiioveffl^s. With higher doses, the tonus in- 
creases and tends to counteract the wave movements. This is expressed by slowing 
of the rate and later by decrease of the amplitude of the waves. Bile acids stimulate 
more the oscillatory movements; chohne has a stronger influence on tonus increase. 
The chohne salts of bile acids combine and moderate both effects. Among the 
* bile acids, the conjugated natural acid mixture is of weakest action, cholic, stronger 
and desoxycholic acid, strongest. While chohne finaUy tends to produce spastic 
arrest of movements, the chohne salts of bile acids mostly maintain a sloiv longitudinal 
and peristaltic movement even at high tonus. The small intestine mere readily is 
subject to tonic arrest than the large intestine. Washing out of the treated prepara- 
tion decreases the tonus and establishes rhythmic movements mostly of greater 
regularity than is observed in the untreated gut. Prolonged washing leads to arrest 
in relaxation. 
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EFFECT OF NEPHRECTOMY IN THE EVISCERATED RAT 
. UPON TOLERANCE FOR INTRAVENOUSLY 
ADMINISTERED GLUCOSE 

DYTGHT J. INGLE AND JAMES E. NEZAMIS 
From The Research Laboralorics, The Upjohn Company 

KALAMAZOO, MICHIGAN 

E viscerated rabbits (i) and rats (2) show an increase in tolerance for 
intravenousty administered glucose when the kidneys are removed. Rein- 
ecke (3) has presented strong evidence that the kidneys of the rat can form 
some glucose from non-carbohydrate sources. 

In the present study eviscerated and eviscerated-nephrectomized rats were given 
continuous intravenous infusions of glucose with and witliout insulin for periods of 
2 and 24 hours. At the end of 2 hours the average values for blood glucose were 
significantly lower in the nephrectomized-eviscerated rats than in the non-nephrec- 
tomized-eviscerated rats at each glucose load with and without insulin. Within 
the 24-hour period the nephrectomized-eviscerated rats tolerated a higher glucose 
, load than the non-nephrectomized-eviscerated rats at each glucose load when no 
insulin was given and when the insulin dose was small. Vdien the comparisons were 
made at a high level of insulin dosage with high glucose loads the order of tolerance 
was reversed in that the nephrectomized animals had higher average terminal values 
for blood-glucose than the non-nephrectomized rats. 

METHODS 

Male rats of the Sprague-Dawley strain were fed Friskies Dog Cubes. At a 
weight of 185 to 205 grams, the inferior vena cava was ligated between the liver and 
the ki dneys in order to cause the development of a collateral circulation. Asepsis 
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was preserved in this operation. "ViTien the animals reached a weight of 250 (±2) 
grams they were anesthetized (intraperitoneal injection of 18 mgm. of cyclopentenyl- 
allyi-barbituric acid sodium) and eviscerated by the procedure of Ingle and Griffith 
(4). The kidneys were removed in the same operation. Hemostasis was attained 
by applying a gelatin sponge (Gelfoam, Upjohn) with thrombm to the stumps of 
the oesophagus, colon, ligated vessels and between the muscle and skin when the 
incisions were closed. The animals were not fasted prior to operation. ' > 

Intravenous injections of solutions containing 0.9 per cent sodium chloride and 
varying concentrations of glucose (C. P. Dextrose, Merck) with and without crystal- 
line zinc insulin (Lilly) were made by two continuous injection machines which de- 
livered fluid from each syringe at the rate of 20 cc. in 24 hours. The glucose load is 
expressed as mgm. of glucose per 100 grams of rat per hour (mgm/ioo/h). Syringes 
of the Luer-Lok type (Becton-Dickinson) were selected to deliver 20 cc. with a stroke 
of 65 mm. Six syringes were operated by each machine. The machines were 
powered by synchronous motors, and the reduction of motion was achieved by a 
precision-built system of gears so that an exact control of the rate of injection was 
attained. 

The infusions were made into the saphenous vein of the right hind leg and were 
started within 5 minutes following the removal of the liver. The animals were se- 
cured in a supine position on an animal board and were enclosed in a cabinet with 
the temperature constant at 26.5° C. (±0.5). The temperature of the room was 
maintained at 74° to 78° F. and the humidity at 30 per cent to 35 per cent of satura- 
tion. 

The analyses of blood glucose were made by the method of Miller and Van Slyke 
(s). This method measures small amounts of non-fermen table reducing substances 
which accumulate in the blood of eviscerated rats. Samples of blood were taken from 
the jugxflar vein at the end of 2 hours of infusion in experiment i, and at the end of 
24 hours of infusion in e.xperiment 2. 

EXPERIMENTS AND RESULTS 

In experiment i, (fig. i) ii groups of eviscerated rats, having 12 pairs of rats in 
each group, were infused with glucose for a period of 2 hours. One rat of each pair 
was nephrectomized. Six groups represented glucose loads of 6, 10, 14, 18, 22 and 
26/ loo/h without insulin. Five groups were given insulin at the rate of 4 units per 
24 hours per rat and represented glucose loads of 64, 68, 72, 76 and 8o/ioo/h. In 
each group the average level of blood glucose at the end of 2 hours was significantly 
lower in the nephrectomized-eviscerated rats as compared to the non-nephrectomized- 
eviscerated rats. 

In experiment 2, (fig. 2) 9 groups of eviscerated rats having 12 pairs of animals 
in each group were infused with glucose for a period of 24 hours. One rat of each 
pair was nephrectomized. Three groups represented glucose loads of 4, 8 and 12/ 
loo/h without insulin; 2 groups represented glucose loads of 20 and 24/ioo/h with 
an insulin dose of 0.5 units per 24 hours per rat; and 4 groups represented glucose 
loads of 36, 40, 40 and 44/ loo/h with an insulin dose of 4 units per 24 hours per rat. 
In the groups without insulin and in those with an insulin dose of 0.5 units per 24 
hours per rat the average level of blood glucose was lower in the nephrectomized- 
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eviscerated rats than in the non-nephrectomized rats. In the groups which received 
4 units of insulin per 24 hours per rat and glucose loads of 36, 40 and 44/ioo/h the 
nephrectomized rats showed higher average values for blood glucose at the end of 24 
hours than did the non-neplirectomized rats. 



FIG. a 


B NEPHRECTOMIZED 
■ NON-NEPHRECTO 
MIZED 




36 40MM 


r — 4 — H 


Fig. 1. Effect of NEPimECTOMY in tlie eviscerated rat upon the average level of blood glucose 
as related to insulin dosage and glucose load. Two hours. 

Fig. 2. Effect of nephrectomy in the eviscerated rat upon the average level of blood glucose 
as related to insulin dosage and glucose load. Twenty-four hours. 


DISCUSSION" 

Immediately following the removal of the kidneys from the eviscerated rat, the 
tolerance for glucose is higher than in animals having the kidneys intact. We as- 
sume, on the basis of earlier work (3, 6), that some gluconeogenesis occurs in the 
kidney of the rat. However, when the glucose tolerance is brought near its ceiling 
by high insulin dosage the nephrectomized-eviscerated rat shows a greater decrease in 
tolerance for glucose by the end of 24 hours than similar animals having intact kid- 
neys. This cannot be explained by the assumption that the non-nephrectomized 
rats excreted glucose. No urinary glucose was found. We suggest that this change 
reflects the more rapid approach to moribundity by the nephrectomized rat and 
represents a non-specific change which masks the role of the kidney in gluconeo- 
genesis. This terminal decrease in tolerance for glucose by the nephrectomized- 
eviscerated rat resembles the change which occurs in the adrenalectomized-evis- 
cerated rat (7). Although the tolerance for glucose is increased immediately 
following adrenalectomy these animals show a decrease in tolerance for a high glucose 
load by the end of 24 hours. 

The differences in glucose tolerance between nephrectomized and non-nephrec- 
tomized-eviscerated rats can be covered by a change in glucose load of 4/100/h or 
slightly greater. This suggests, but does not prove, that the amount of glucose 
formed by the kidney under these conditions is small. The studies of Roberts and 
Samuels (6) indicate that renal gluconeogenesis is stimulated by fasting. 

SUMMARY 

Male rats (185-205 grams) were caused to develop a collateral circulation by 
igation of the inferior vena cava. At a weight of 250 (±2) grams the animals were 
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anesthetized (cyclopal) and eviscerated. The kidneys were removed from one animal 
of each pair. Infusions into the saphenous vein were made by continuous injection 
machines which delivered fluid at the rate of 20 cc. in 24 hours per rat. The level 
of blood glucose at the end of the injection period was the index of glucose tolerance. 

In experiment 1,11 groups of eviscerated rats having 12 pairs of rats in each group 
were infused with glucose for 2 hours. One rat of each pair was nephrectomized. 
At each glucose load with and without insulin the average level of blood glucose was 
significantly lower in tire nephrectomized than in the non-nephrectomized animals. 

In experiment 2, 9 groups of eviscerated rats having 12 pairs of animals in each 
group were infused with glucose for a period of 24 hours. In the groups without 
insulin and in those with an insulin dose of 0.5 units per 24 hours per rat the average 
terminal level of blood glucose was lower in the nephrectomized-eviscerated than in 
the non-nephrectomized rats. At the higher levels of insulin dosage and glucose 
loads the order of tolerance was reversed and tire nephrectomized animals had higher 
average terminal values for blood glucose than the non-nephrectomized rats. 
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EFFECT OF THIOURACIL ON LIVER REGENERATION 
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From the Deparhneut of Clinical Science, University of Illinois College of Medicine 

CHICAGO, ILLIKOIS 

T his study was undertaken to determine the effect of thiouracil on the rate 
of regeneration of the rat liver. Based on the experiments of Paschkis and 
his co-workers (i, 2), who have shown that thiouracil exhibits an inhibitory 
or preventive effect on the induction of liepatic tumors by 2-acetamino fluorene or 
p-dimethylaminoazobenzene, we originally felt that thiouracil might inhibit the rate 
of liver regeneration. Our results, however, have shown the reverse to be true; that 
is, thiouracil administration enhances the rate of regeneration of the rat’s liver. 

WTiile some studies have been conducted to determine the factors wliich affect liver regeneration, 
the relationship of thyroid function to this phenomenon has never been clearly demonstrated. Hig- 
gins (3) has presented evidence to show that there is an increased rate of regeneration of the rat liver 
associated with hypertliyroidism. This work, however, is open to some question as it took 14 days 
before any change in rate of regeneration between the two groups became obvious, and it was not 
until the fourth week that a 20 per cent increase in rate in the treated group was noted. Since, in 
the partially hepatectomized rat, regeneration is usually completed by the 14th day, we cannot assume 
that his experiments show an increased rate of regeneration. Rapport (4) has recently reported a 
study of the effect of thj'roidcctomy on liver regeneration and nucleic acid partition. He failed to 
come to any definite conclusions concerning the effect of thyroidectomy on liver regeneration. 
Drabkin (5) performed thyroidectomies in rats and followed this with partial hepatectomy 30 days 
later. He states, “liver regeneration was not strikingly interfered with, although it was of a smaller 
magnitude than normal.” 

A number of workers (,6-S) have reported an increase in liver weight following thiourea or 
thiouracil administration. May, Moseley and Forbes (7) studied the effect of thiourea on bodj’’ fat 
and liver glycogen in rats. They showed that thiourea does not affect the distribution of neutral fat 
m the rat liver and that its administration leads to a marked increase in liver weight as well as an 
increase in liver glycogen. Leathern and Seelej’’ (8, 9) studied liver protein concentrations associated 
with thiouracil administration and found an increase in liver weight as well as an increase in total liver 
protein. These workers also performed thyroidectomies in an attempt to determine whether or not 
the increase in total liver protein associated with thiouracil feeding could be due to the hj'pothyroid 
state induced by the drug. They found that thyroidectomy does not bring about the increase in liver 
weight or alter the total liver protein as compared to thiouracil, thus suggesting another mode of 
action of the drug on the liver. 

Gy6rgy,Rose and Goldblatt (lo, ii) have determined the effect of various goitrogenic substances 
on experimental dietary cirrhosis. Their results indicate that both thiouracil and propylthiouracil 
have a preventive effect on liver injury when administered along with a cirrhosis-producing diet. 
They also present evidence of parallelism of activity between goitrogenic and preventive potency, 
since they found that propylthiouracil was most effective followed by thiouracil, thiourea and amino 
thiozole in order of descending anti-cirrhotic potency. They also claim, on the basis of unpublished 
data, that "thiouracil appeared to exert no effect or even a slightly deleterious one on a pre-existing 
cirrhosis.” 
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Handler (12, 13) has studied the influence of thyroid activity on liver hpids in choline and cys- 
tine deficient diets. Rats fed a high fat diet were concurrently fed either thyroid substance or thi- 
ouracil. Total liver lipids, liver cholesterol and phospho lipids were determined. The thiouracil- 
treated group showed an increase in liver lipids, while the thyroid-fed group showed a decrease in total 
hepatic lipids as compared to the controls. He also showed that following th3’roidectomy or thioura- 
cil administration there is a marked increase in cholesterol concentration and a small increase in neutral 
fat of livers of rats both on the control and choline-deficient diet. Thj'roid feeding, on the other 
hand, caused a decrease in cholesterol concentration and neutral fat of the livers of animals both on 
a control as well as on a choline-deficient diet. He has concluded from this work that hypothyroid- 
ism causes an increase in cholesterol and neutral fat in the liver of rats, while h3’perthjToidism causes 
a decrease of cholesterol and neutral fat in the liver. 

Shiple3’', Chudzik and G3'drgy (14) determined the effects of extirpation of the thyroid, adrenals, 
pituitary and gonads on production of fatty liver by dietar3^ means. Liver fat was determined chemi- 
cally after they had maintained the animals on a cirrhosis-producing diet for 21 days. The most 
striking results were obtained in the th3'roidectomizcd group in which there was a marked decrease in 
liver fat as compared to the control, non-operatcd animals. 

Hence, while there is a trend in thought today that thiouracd has an ameliora- 
tive effect on certain liver diseases and that a lowered metabolic rate plays an impor- 
tant role in this effect, the experimental evidence to substantiate this view is by no 
means conclusive. 


METHODS 

Sixty-four healthy male albino rats of the Harlan strain weighing from 200 to 
305 grams were used as experimental animals. The animals were paired off into 
matched weights and divided into two groups. Both groups received ad Ubitmi 
feedings of Purina fox chow blox. Animals in Group II, the treats, received daily 
intraperitoneal injections of 8 mgm. of thiouracil per 100 grams of body weight begin- 
ning on the day of operation and extending until necropsy on the 1 ith post-operative 
day. Thiouracil was dissolved in distilled water. Complete solubility was never 
attained, but the suspension was of small enough particle size to pass tlirough a 22- 
gauge needle. The intraperitoneal route was chosen because of the necessity 'of 
controlling the dosage. 

Partial hepatectomy was performed in the standard method described by Higgins 
and Anderson (15). Ether anesthesia was used. Cleanliness but no asepsis was 
employed. The wet weight of the liver removed was determined and the specimen 
tlien placed in a constant temperature oven at 100° C. until constant dry weight was 
obtained. This usually required from 72 to 96 hours. On the nth post-operative 
day, the animals were killed by a blow on the head, body weight determined, and 
then necropsied. The total liver was then removed, weighed and dried to constant 
weight in the manner already described. 

Higgins and Anderson (15), Brues (16), and Denton and Ivy (17) having 
shown that the amount of liver removed bears a constant ratio to the entire liver of 
the rat, the amount of liver remaining at operation may be computed. Since one 
may assume that 68.5 per cent of the total liver v/as removed, the amount remaining 
at operation is 31.5 per cent, or 46 per cent of the portion removed. The liver incre- 
ment or mass regenerated was determined by subtracting the weight of the liver 
remaining at operation from the total regenerated liver removed on the nth post- 
operative day. Only diy weights were used in the statistical analysis. 
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RESULTS 

The incidence of mortality due to surgery alone was 2 per cent. Fifteen per cent 
of the control group and 25 per cent of the treated group died before completion of 
the experiment. The most common cause of death in both groups was pneumonia, 
with death usually on the fourth day. No remarkable gross pathological findings 
were present in the treated group. 

Table i presents the data on 31 control animals and 33 treated rats which sur- 
vived the experiment. Two significant findings are seen to emerge from the data, 
the loss of body weight and the absolute liver increment of the two groups. \^lren 


Table i* 



1 

BODY WT. AT 

operation* 

2 

aODV WT. AT 
NCCEorsv 

DRY W'T. OF 
LI\XR REMO\T.D 

AMT. or 

LIVER RE- 
MAINING 

5 

DRY WT. 
or LIVER 
AT 

NECROPSY 

' 6 

LI\ER INCREMENT 

Group /, 

Controls, 

31 rats. . . . 


245.8 ± 0.9S 

237.4 ± 10.29 

2.058 ± 0.469 

1.952 i 0.219 

0.905 

0.867 

2.650 

3.160 

1.702 ± 0.320 

2.250 ± 0.525 

Group 11, 
Thiouracil- 
treated, 33 
rats 

253.3 ± 0.S7 


Difference. . . 
1 


8.4 

1 .67 

0.369 



•S 4 S 

4.01 



^ Values are the means witli tlieir respective standard deviations in grams. Dry weights were 
determined by drjdng at ioo°C. to constant weight. Figures in column 4 were obtained by multi- 
plying the dry weight of the liver removed by 0.46. Column 6 figures were determined by subtracting 
individual values of cohtmn 4 from column 5. Since the ratios of wet to dry liver weights of both 
control and treated groups were the same, only dry weights were used in the statistical analysis. 

the t value is computed for the difference in the average loss in body weight between 
the control and treated groups (using the method of paired comparisons), a value of 
13.6 is derived, which means that the increased body weight loss associated with 
thiouracil administration is of significance. When the t value for liver increment is 
computed, I = 4.0, which means that the probability of the increased liver increment 
in the treated group having occurred by chance due to sampling error is less than one 
in one hundred. 


DISCUSSION 

While the administration of thiouracil undoubtedly affects thyroid function, it 
IS not presently possible to ascertain whether its action on the regenerating liver is 
due to this action on the thyroid. We are faced with two main hypotheses. Does 
decreased metabolism induced by thiouracil have an effect on the regenerating fiver? 

Or does thiouracil have a direct effect on the liver distinct from its goitrogenic ac- 
tivity? 
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Evidence in favor of increased liver regeneration associated with a reduction in 
general metabolism is certainly scanty and inconclusive. "i^Tiile it is true that hepatic 
degenerative changes are commonly found in hyperthyroidism, no evidence is avail- 
able to show that hypothyroidism per se may play a definite ameliorative role in asso- 
ciation with hepatic dysfunction. While it is possible that a reduction in body metab- ' 
olism might increase the amount of available protein for the liver by decreasing extra 
hepatic usage, it is also possible that protein utilization by the liver may be markedly 
decreased in an animal of low metabolic activity. The fact that despite thiouracil 
administration experimental dietary cirrhosis still occurs, even though at a lower 
frequency, may only mean that there is a delay in the pathologic process. In other 
words, thiouracil and decreased metabolism may not actually prevent cirrhosis, but 
only delay its onset. 

The point then arises as to whether or not thiouracil has a direct effect oh the 
liver. Handler’s work certainly shows that it is not lipotropic. The fact, however, 
that thiouracil increases total liver weight, total liver protein, and the rate of re- 
generation of the liver — phenomena which most probably do not occur in association 
with a hypothyroid state produced by thyroidectomy — certainly points strongly 
toward a direct effect. There is some further evidence supporting this point. Fitz- 
hugh, Nelson and Holland (18, 19) have recently reported an interesting finding asso- 
ciated with chronic thiourea administration. They fed thiourea in various concen- 
trations to rats for a period of two years. In the groups fed thiourea in a concon- 
centrate of 0.25 per cent or less for a period of at least 96 weeks, half the surviving 
animals had liver tumors. The tumors, some as large as 3 to 4 inches in diameter, 
were all benign hepatomas on microscopic examination. There were no metastases, 
and cirrhosis was minimal. This remarkable finding certainly leads one to think of 
a direct stimulating effect of thiouracil on the growth of tlie liver. The fact that 
cirrhosis was minimal in association with these tumors might also aid in explaining 
some of the discrepancies between the effect of thiouracil on liver fat and cirrhosis. 
It apparently is not cirrhosis-producing, even though it may possibly increase liver 
fat. 

Thiouracil might also conceivably act by making available material for nucleic 
acid synthesis. The pyrimidine bases taking part in the structure of nucleic acids are 
derivatives of uracil. Cytosine and uracil are detectable in the urine of dogs fed the 
uracil. Counter evidence, though not conclusive, bearing on tlie utilization of 
thiouracil in the synthesis of nucleic acids, is the work of Plentl and Schoenhemier 
(20) in which they fed isotopicaUy labelled uracil and found there was no incorpora- 
tion of the compound into the nucleic acid of rats. 

SUMMARY 

Evidence is presented which shows that thiouracil, when administered to par- 
tially hepatectomized rats, increases the rate of regeneration of the liver. No definite 
conclusions can be drawn concerning the mechanism of the effect. 
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EFFECTS OF ADDED CALCIUM UPON THE INTACT, BLOOD 
CIRCULATED, TURTLE HEART 

A. SIDNEY HARRIS AND ZELJKO MADJEREK^ 

From the Department of Physiology, Western Reserve University School of Medicine 

CLEVELAND, OHIO 

FFECTS of calcium upon the physiology of the heart have been reported in 
many publications, as changes in calcium content or form alone, or in rela- 

J tion to other cations. The older studies, principally upon cold-blooded 
hearts, have been reviewed in a monograph by Clark (i). A critical review by Ber- 
liner (2) which includes mammalian studies and clinical trials has largely completed 
the subject through 1933. More recent studies and older ones that are particularly 
pertinent to the experiments of this paper will be cited. 

The augmentation of cardiac contractility by adding calcium salts and the limitations to this 
eSect have been explored extensively (i, 2). By contrast reports upon the effect of calcium on 
excitability of heart muscle are meager. Schultz (3), working with strips of turtle ventricle, 
found that in Ringer’s solution wth experimentally varied low concentrations of calcium an increase 
of calcium ions increased contractility and lowered excitability to induction shocks. Lussama (4) 
reported that frog hearts in a fluid containing one half of the normal calcium concentration exhibited 
enhancement of excitability and that fluid with twice tlie normal calcium concentration diminished 
excitability. The excitability story is not a clear one, however, due to the repeated observation 
that auricular and ventricular ectopic systoles, heterotopic arrhythmias, and tachycardias for brief 
periods can be produced by the administration of excess calcium (5, 6). These reactions give the 
appearance of increased excitability, seeming to contradict the evidence from electrical stimulation. 

In studies on tlie excitability of tissues other than heart muscle, i.e., frog nerve (7), skeletal 
muscle and neuromuscular junctions (8), it has been found that reduction or absence of calcium ions 
in the saline medium enhance's excitability as measured bj^ electrical thresholds. Increase of calcium 
ions in calcium-deficient saline raises the threshold (galvanic) of nerve according to a curve which is 
steep in the lower concentrations and flatter within a range between i and 2 millimolar Cad: (cold- 
blooded Ringer’s solution contains 0.012 per cent CaCh =1.1 millimolar). The increase in threshold 
is small in solutions above 2 millimolar until very high concentrations are reached where significant 
increases again occur (9). 

Addition of calcium ions to the medium bathing nerve does not excite a spontaneous discharge 
of impulses as it often does in heart muscle, but spontaneous discharges are produced in nerve by 
reduction of calcium, and the lower the concentration of calcium ions, the greater the frequency of 
spontaneous discharges (10). The addition of calcium ions reduces or abolishes them. Thus, no 
excitability paradox is encountered in comparing the effects of calcium ions upon electrical thresholds 
and upon spontaneous discharges in nerve. Depression by added calcium ions is indicated bj" both 
kinds of observations. 

In two reported clinical cases, the administration of CaCh has had the effect of suppressing 
ectopic ventricular discharges (11). Isolated mammalian auricular strips made active by histamine 
had the spontaneous activity abolished by calcium salt, and the development of spontaneous rhyth- 
micity could also be prevented by it (12). In these two reports, which are different from all others, 
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tlie effects of added calcium ions upon ectopic activity of heart muscle were similar in direction to 
the effects of added calcium ions upon spontaneously discharging nerve fibers. 

This study was planned for tlie gathering of more precise information upon the 
reactions of cardiac tissues in situ, nourished by blood, to the administration of cal- 
cium ions. It was especially hoped that the observations would make possible an 
explanation of the apparent disagreement between the excitability changes indicated 
by electrical thresholds and those which can be deduced from the induction of spon- 
taneous rhythms in auricular and ventricular muscle. 

PROCEDURES 

P. elegaus turtles weighing 900 to 1150 grams were used in all experiments. 
The brain was destroyed by thoroughly crushing the head. A circular portion of 
plastron 3 inches in diameter was removed by a power-driven saw, exposing the heart. 

For kymographic recording of the relative changes in force of contraction, the 
ventricular apex was attached to a heart lever. A thread extended from the apex 
almost horizontal^ toward the caudal end of the animal, then passed under a pulley 
and turned vertically to be attached to tlie recording lever. A tension of 50 grams 
was added by hanging a weight on the lever. This was found to be sufficient to ren- 
der any changes in tension due to variations in ffiling a negligible fraction of the total, 
and prevent changes in height of contraction from this cause. 

Electrocardiograms were recorded by a G. E. Victor electrocardiograph. The 
method of leading to obtain sinus, auricular, and ventricular deflections is described 
in connection with the results. 

For testing thresholds an electronic stimulator was used. The shocks delivered 
were almost entirely monophasic and had an over-all duration of 3 msec. The ap- 
paratus could be used as a self-excited oscillator, or the discharge could be triggered 
off when desired in order to deUver the shock at the chosen moment in the cardiac 
cycle of the driven heart. The S-A junction was crushed, and tlie heart was driven 
at a constant rate by induction shocks applied to the right atrium. 

RESULTS 

Conlraclilily. The effects of varied doses of CaCh upon the size of the excursion 
and upon tonus (contraction remainder in diastole) of the ventricular muscle are seen 
in figure i. This is a series of records from the heart of a 1070 gram turtle. All 
doses were injected into the sinus venosus in this experiment. Results were some- 
what more constant by this route than by vein. 

With all doses except the strongest, CaCb administration produced an increase 
in the height of the contraction summits above the control base hne. However, this 
resulted in increased magnitude of excursion in only those trials in which the dose was 
not sufficiently large to increase tonus. Figure lA illustrates the effects of a small 
dose (0.5 cc. of 1.5% CaClo). It shows one large contraction and a slight rise of 
tonus for two beats following injection. Such preliminary increases of contraction 
With an increase of tonus for one to three beats was a fairly constant feature. The 
events upon which most attention was centered were those which followed. In tbig 
record they consist of a gradual increase in the height of contractions without an in- 
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crease in tonus. This resulted in an increased magnitude of excursion which reached 
its maximum about 30 to 40 seconds after the injection and subsided within about an 
equal period. The total duration of increased contractility was little more than one 
minute. 

The effects of a larger dose (0.3 cc. of 10% CaCls) are seen in figure iB. After 
the preliminary effects, the heights of the summits and the tonus level w'ere increased 
simultaneously. The rise of tonus was greater than the rise of the summits, there- 
fore the excursion was reduced. The increased heights of the summits and of tonus 
reached their maxima within about 30 seconds after the injection and subsided more 
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Fig. I. Changes in contractility and tonus following intra-sinus administration of CaCls 
Time intervals 5 sec. Description in text. 

• slowly, approaching the control levels in about to 2 minutes. Auricular ectopic 
systoles occurred during a period of about 25 seconds during recovery from the sum- 
mit height and tonus maxima. 

The effects of a dose (0.4 cc. of 10% CaCh) large enough to stop the heart 
are shown in iC. Here, with the rise in tonus there is a falling off in summit height 
during a period of about 10 seconds before contractions stopped. The atria and ven- 
tricle stopped in a condition of heightened tonus 25 seconds after injection. The 
first returning beats of the atria occurred almost 6 minutes after injection, and ven- 
tricular beats returned 23 seconds after the atria. T h is record shows clearly that 
during the time that the heart was stopped in calcium hypertonus- the ventricular 

- The term ‘caldum rigor’, perhaps, should be reserved for the irreversible state of shortening 
observed by Howell ( 13 ) in ventricular strips in solutions with excess calcium. 
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muscle was by r.o means maximally contracted, though to visual observation both 
of the atria and the ventricle appeared to be in full contraction. The degree of short- 
ening at first was about 35 per cent of a control contraction. During the 6 minutes 
of standstill this tonus shorte ling graduall}'^ disappeared. When the ventricle re- 
sumed activity there was 2 ; i block for a few cj'cles, an ectopic atrial systole and 
then a return to regular rhythm. Upon return the ventricular beats were appreciably 
larger than the controls during the slow 2:1 block period and slightly larger for a 
few beats after the return to normal rate. 

Other records of calcium hypertonus exhibit changes which, in general, were 
similar to those illustrated, but the quantitative variations were great. In one e.x- 
periment the maintained shortening was 75 per cent of the control contraction height 
initially, and there was some elevation when rh3''thmicity returned. Calcium stand- 
still in hypertonus consists of a submaximal maintained shortening combined with 
absence of discharges of the automatic excitatory mechanisms and failure to respond 
to driving stimuli. 

Record iD, made at the end of a long series of injections, shows the effects of a ' 
repetition of the dose used in the first trial, lA. Comparison of iD with lA shows 
that after a larger preliminary reaction in iD there was a staircase-like increase in 
height of contraction which i 1 outline closely resembled that in lA, though slightly 
more pronounced. In iD there was a 2:1 block during the rise to maximum, but 
the smooth curve traced by the summits during block and after its disappearance in- 
dicate that the block did not affect the height of contraction. This is evidence that 
the added tension substantially eliminated the effects of filling (greater interval) 
upon contraction height. 

RhyihmicUy and Sino-A trial Conduction. The kymograph records of numerous 
early experiments showed that important changes in rhythm resulted from adminis- 
tration of CaClo. In order to study these changes with precision, electrocardiograms 
were made with one lead on the sinus venosus and the other in contact with the con- 
tents of the abdominal cavity a short distance caudad from and beneath the left side 
of the ventricle. Records made in this manner contain a distinct sinus deflection 
(labelled 0 ) followed by the atrial and ventricular deflections. Short segments of 
record were taken at frequent intervals. A few of these, showing significant stages 
in the slowly changing effects, are reproduced. 

Figure 2 illustrates the electrocardiograms obtained and the alterations induced 
by addition of CaCh. 2A is a normal record showing the sequences of electrical activ- 
ity in the sinus (O), atria (P), and ventricle (QRST). When the rate was rapid, as in 
this record, 0 came within the S-T interval. Record 2B, made immediately after 
injection of 0.2 cc. of 10 per cent CaCh, shows no change in rate, rhythm, conduction 
interval or duration of electrical systole. There is a change in the form of S-T-T 
which will not be considered in this presentation. 2C made 9 minutes after injection 
shows practically no change in rate, but some shortening of the 0 -P interval. The 
P-R interval and duration of electrical systole were still unchanged. Figure 2D 
shows complete sino-atrial ( 0 -P) dissociation and a change in the form of P which 
was to be expected with the advent of the ectopic atrial pacemaker. The rate is 
slower also. Duration of electrical systole was increased as expected with the slower 
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rate. This record was made 52 minutes after injection. The first evidence of 0 -P 
dissociation had appeared in earlier records about 25 minutes after injection. 

After about three hours following the injection, the sinus seemed to have resumed 
the role of pacemaker during a part of the time. Record 2E might be so interpreted, 
though there is considerable variation in 0 -P intervals. In some of the records made 
at this time 0 followed P or QRS, but it was difficult to decide whether or not retro- 
grade conduction existed. 

A second injection of 0.3 cc.of 10 per cent CaCb was made hours after the 
first. The sinus ceased to beat for a short time. Record 2F, made immediately, 
contains no 0 deflections. They returned quickly, as is shown by the presence of 
independent 0 -waves in 2G, made one minute later. This record also contains evi- 
dence of a great variation in cycle length. During the whole period, since the begin- 



Fig. 2. Electrocardiograms of the turtle, made so as to include the sinus deflections, 
labeled 0. Effects of CaCb described in text. 


ning of 0 -P dissociation, there had been marked changes in rate with occasional cou- 
pling. Record 2H illustrates a change in form of P, indicative of a shifting atrial pace- 
maker which sometimes accompanied the change in rate. All of the above-described 
records were from a turtle with intact vagus nerves. However, the heads of all 
turtles used were well crushed, and it is highly probable that every one was effec- 
tively vagotomized central^. To be sure of eliminating vagal influence, the vagi 
were sectioned in some turtles. Records from one of them are reproduced as figure 
2I, J, K, and L. 2I and 2J are control records before and after section respectively. 
Measurements of rate from longer sections show no change. Record 2K, 8 minutes 
after administration of 0.2 cc. of 10 per cent CaCb, shows the beginning of sino-a trial 
dissociation. Four hours later a second injection was made. Five minutes after 
this addition of 0.4 cc. of 10 per cent CaClo, the sinus stopped for a short time, or was 
extremely slow and irregular. Record 2L contains no O deflections. Thus it is 
evident that the slowing and stopping of the sinus, the sino-atrial dissociation, and 
arrhythmias of atrial origin following CaCb administration are not due to vagal 
effects. 
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In our experiments no auricular standstill with idioventricular rh3’’thm nor A-V 
dissociation has been obserx^ed, though 2:1 A-V block occurred in a number of 
records. The disappearance of P waves in tlie human ECG (14, 15), and evidence of 
A-V dissociation in mammalian experiments (16) have been reported to result from 


Table i. Effect of cacl; upon ventric- 
ular THRESHOLDS (TURTLE 
1150 grams) 

TniE niEESnoi-D volts 


9:40-10:13 I. 05-1. 30 


10:14— 

-0.2 cc. of 



10% CaCl;, 
intravenous 


10:15 


1 .30 

:i6 


2.25 



2-25 

:i8 


I .90 

:i9 


1 .90 

:2o 


i-So 

:2i 


I -SO 

:22 


1.30 


Table 2. Effects of caci^ upon thresh- 
olds OF ventricular muscle in turtle 
HEART DRIVEN AT CONSTANT RATE 
(turtle 925 grams) 

TIME THRESnOLD VOLTS 


2:52- 

I :oo 

3 - 0-3 

I :o2” 

-0.3 cc. of 
10% CaCl:, 
intra-sinus 


1:03 


3-5 

:o4 


4.1 

:os 


4.9 

:o6 


4.6 

:o7 


3-9 

:oS 


4.1 

:o9- 

: II 

3-9 

:i2 


3-5 

:i 3 - 

:2o 

3-0 


Table 3. Effects of cacl- upon auricular thresholds in vagotoiozed-atropinized turtle 

(950 grams) 


time 


TIIEESnOLD THRESHOLD 

VOLTAGEl VOLTAGE* 


12:50-12:55 

3 - 0 - 3 -4 

16— 

-0.5 cc. of 1.5% CaCh, 


12 : S 7 — 0.5 cc. of 1.5% CaCla, 



intra-sinus 


intra-sinus 


17 


6.9 

12:58 

4.6 

iS 


6.1 

■59 

6.9 

19 


3-4 

1:00 

7-5 

20 


■4.6 

:oi 

6.1 

22 


3-9 

:o2 

4.6 

45 


3-0 

:oS 

4.6 




:io 

3-9 





4.6 





* Arbitrary units, not volts. 


administration of calcium salts. Functional vagi were not necessary for the dissocia- 
tion (16). Our results differ from those, perhaps only in degree. Bradycardia of 
vagal origin has been produced by small doses (16, 6, 5). 

Excitabilily. The threshold changes produced by the administration of CaCb, 
as measured by brief shocks, were variable. Significant increases in both auricular 
and ventricular thresholds were found in a large proportion of trials. No significant 
change was observed in a number of others with similar doses and conditions. Repre- 
sentative positive results are presented in tables i, 2 and 3. 
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Table i shows the effect of an intravenous injection of 0.2 cc. of 10 per cent CaClo. 
In this experiment the heart was beating at its o^vn naturally mitiated rate. In 
each trial, shocks were delivered during a period of three to five cardiac cycles at a 
frequency about three times the cardiac rate. Shocks were dehvered therefore in all 
phases of the cardiac cycle. Two minutes after injection the threshold voltage had 
doubled. Four minutes after injection, it had passed over the maximum and was 
declining toward the control which was reached after about 8 minutes from the time 
of injection. The threshold remained stable within the control range (1.05-1.30 
volts) during the next 3I hours, after which another injection was made. At this 
time a dose twice as large (0.4 cc. of 10 per cent CaCb) produced an approximately 
equal increase in threshold voltage. With the larger dose the duration of change was 
increased to about 10 minutes. 

Table 2, from another experiment, also shows a rise of ventricular threshold upon 
intra-sinus administration of 0.3 cc. of 10 per cent CaCb. In this experiment the 
heart was driven at a constant rate by shocks applied to the right atrium. The 
sino-atrial junction had been crushed. Testing shocks from the electronic stimula- 
tor were dehvered at a constant moment in diastole. The control threshold is higher 
in this case, and the degree of rise of threshold, though larger in volts, is_ smaller in 
terms of percentage of the control. 

The effects of CaCb upon auricular threshold are shown in table 3. In this 
turtle the vagi had been sectioned and 1.2 mgm. atropine sulfate had been injected 
into the sinus to prevent changes in excitabihty that might result from responses to the 
electric shocks by vagus ganglion cells and terminal filaments. It was found that the 
absolute threshold of the auricular muscle was lower than that of the ventricle. The 
results are given in arbitrary voltage units, but not volts. The changes are similar 
in direction to those found in ventricular muscle. 

It has been mentioned that in some trials CaCb failed to produce a change in 
tlureshold. In the turtle used to produce the results in table -i, subsequent trials i 
hour and 2| hours after the first injection failed to produce significant changes in 
threshold, though the third dose (0.4 cc. of 10 per cent) was twice as large as the first. 
One hour after the third injection a repetition of the 0.4 cc. dose of 10 per cent CaCh 
produced an increase in threshold approximately equal to that observed in the first 
trial (table i). In the experiment that produced the results in table 2, a trial made 
upon the auricular muscle previous to the ventricular trial shown in the table failed 
to show a threshold change. Two subsequent trials upon the ventricle of this turtle 
also failed to show significant changes. 

The inconsistencies in observed threshold changes camiot be accounted for as 
due to varying experimental conditions, although attention to detail is required. 
After injection of CaCb solution into an abdominal vein, constriction of the vein 
often could be observed. The closure of the vein with resulting slow or incomplete 
passage of the solution to the heart probably accounts for some of the diminutions of 
effect before the venous constrictions were noted. However, this is not the sole cause 
of negative results. They were obtained in some trials after intra-siiius, intra- 
auricular, and intraventricular injections. A possible physiological reason for the 
variations is suggested in the discussion. 
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DISCUSSION 

The differences in the time course of the several observed effects of calcium ad- 
ministration are of interest. With a moderately large dose such as 0.3 cc. of 10 
per cent CaCh the effect on contractility had a duration of about 2 minutes or less, 
the rise in threshold lasted about 8 to 15 minutes, and the sino-atrial dissociation 
which made its appearance after a delay of 8 to 15 minutes after injection persisted 
for about 3 hours. Another striking observation is the lack of cumulative effect of 
repeated injections of CaCh upon contractility, excitability, A-V conduction, or intra- 
ventricular conduction. Cumulative effects were noted upon sinus rhythmicity, 
and possibly S-A conduction. The contractility response was repeatable over a 
period of several hours and after numerous injections. Even in the standstill and 
hypertonus after a large dose, when there was no circulation, the effect of excess cal- 
cium salt upon contractility was limited to a few minutes. It is obvious that in stand- 
still calcium was not removed from the tissues. Therefore, recovery of responsive- 
ness to the driving shocks applied to the right atrium, recover}’’ of contractility of 
atria and ventricle, and the disappearance of hypertonicity all occurred while the con- 
centration of calcium in the heart remained high. AU obser\'’ations agree in indicating 
that the presence of excess amounts of calcium has little or no effect upon excitability 
or contractility. The chemical state of the calcium is important. McLean and 
Hastings (17) have shown that onl}’’ the ionized calcium affects contractility. Evi- 
dence from nerve studies has shown that the ionic calcium concentration in saline 
solutions with which the nerv'^e is equilibrated (other cations remaining constant) 
governs the threshold (9,7). It has been shown that the greater part of the calcium 
in CaCh added to dog’s blood rapidly becomes non-diffusible, and there is evidence 
for intracellular precipitation of added calcium (18). The rate of these changes from 
the ionized state probably governs the time course of the contractility and excita- 
bility effects. 

The slow development and long persistence of S-A block may be interpreted as 
meaning that conduction through the S-A junctional tissues is depressed by a high 
concentration of total calcium within these cells.^ 

The finding that added calcium ions increased electrical thresholds in many trials 
and at the same time induced the discharge of ectopic impulses remains to be clarified. 
Certain observations from the literature can be correlated with these results to pro- 
vide a hypothetical explanation. Rothberger and Winterberg (20) showed that ex- 
citation of the right or left accelerator nerves often caused ectopic beats in the right 
or left ventricle, but many trials gave negative results. Accelerator stimulation after 
suitable doses of CaCh or BaCh, when the salt alone was ineffective, regularly pro- 
duced ventricular ectopic systoles. When the left accelerator was stimulated the 
ectopic foci were in the left ventricle and the right accelerator produced ectopic foci 
m the right ventricle. There were no negative trials, and it was evident that the 
calcium or barium salt potentiated the effects of accelerator stimulation. In suffi- 
cient dose, the salt produced ventricular arrhythmias without accelerator stimulation. 

J From experiments of a different kind. Means (19) has stated that the influence of calcium ion 
on the sinus rhythm depends on a different property of calcium from that which determines its 
relations to the mechanical response and to the propagated disturbance. 
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Lissak (21) demonstrated that excess calcium ions in Ringer’s solution perfused 
through a frog’s heart caused the liberation of sympathin without nerve stimula- 
tion. When the sympathetic supply to the heart was stimulated during perfusion 
the fluid acquired a greater sympathin effect. 

From these findings it appears that calcium ions in suitable excess may liberate 
sympathin from sympathetic endings, and enhance its liberation by nerve impulses. 
This may possibly be adequate e.xplanation for the ectopic discharges following the 
administration of CaClo. 

The majority of data on the threshold changes indicates that calcium ions have 
a threshold-raising effect on heart muscle similar to that found in nerve, which has 
been interpreted as increased membrane polarization. If this effect occurs in all 
heart muscle except in minute areas at sympathetic nerve endings, where the opposite 
effect may be produced by the liberation of sympathin, then the paradox ceases to 
exist. It seems possible that electrodes on the surface often might vary in their 
proximity to the sympathetic endings and that some of the threshold findings, which 
were inconsistent with the majority of results, may be due to closer proximity of 
electrodes to S5mapathetic endings in those trials. 

In regard to the suggestion that the very local release of sympathin by calciuih 
might account for ectopic discharges and threshold inconsistencies, questions con- 
cerning certain dissimilarities between the effects of calcium and of adrenalin have 
been raised. Further experimental evidence is needed before detailed discussion is 
justified. 


SUMMARY 

The changes produced by excess calcium chloride upon contractility, rhythmic- 
ity, sino-atrial conduction and excitability have been studied in turtle hearts in situ. 

Small doses administered to turtles with hearts driven at a constant rate in- 
creased the height of contraction for a period of about one minute without an in- 
crease in tonus. Larger doses increased the height of the contraction summits to 
about the same extent as the small doses and considerably increased tonus (contrac- 
tion remainder in diastole), diminishing the excursions. Very large doses quickly 
stopped the heart though the driving stimulator continued to deliver shocks of sev- 
eral times threshold intensity. The auricles and ventricles stopped in a contracted 
state. Early in calcium hypertonic standstill the degree of shortening varied be- 
tween 35 and 75 per cent of that of a control contraction. This tonic shortening 
gradually relaxed during the few ihinutes of standstill. Rhythmic responses to the 
driving stimulator returned within 4 to 6 minutes. In hearts that were not driven, 
the reactions were similar. Automaticity was suppressed and hypertonic standstill 
supervened for a few minutes. 

Electrocardiograms were recorded with leads arranged to include the sinus veno- 
sus wave (designated as O). Suitable doses of CaCb resulted in smo-atrial ( 0 -P) 
dissociation which began after a latency of about 8 to 25 minutes and persisted for 
about 3 hours. A larger dose sometimes caused disappearance of the O wave 
(sinus standstill) for a brief period. During the sino-auricular dissociation there was 
some shifting of the atrial pacemaker which changed the P-R interval. Otherwise 
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P-R remained constant. Little change was seen m the shape or duration of the 
ORS complex. The Q-T internal changed only as the heart rate changed. 

Threshold changes m a majority of trials consisted of a significant rise (reduced 
excitability) which passed through a maximum and returned to the control level 
within 7 to I’s minutes. The degree of rise for a given dose was variable and tliere 
were negative trials. 

Ectopic auricular systoles were seen often during the period after the effect of 
calcium on contractility and tonus had passed the maximum and when the threshold 
to electric shocks was high. 

In the discussion a hypothetical explanation for the excitability paradox (ectopic 
discharges during period of high threshold after calcium admmistration) is suggested. 
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EFFECT OF ENERGY INTAKE ON HEART RATE IN 
HYPERTHYROIDISM INDUCED BY FEEDING 
THYROPROTEIN' 

J. F. SYKES, T. R. WRENN, L. A. MOORE, and J. W. THOMAS 

From the Bureau of Dairy Industry, Agricultural Research 'Administration, United States 

Department of Agriculture 

WASHINGTON, D. C. 

D uring the course of investigations to study the effect of thyroprotein 
(Protamone-) on milk production, longevity, reproduction and the circula- 
tory system of dairy cows, it was noted that when these animals \vere fed 
according to body weight and milk production by the Morrison standards, heart rate 
was markedly increased by thyroprotein in the first part of lactation. This effect 
has been noted by other investigators (i, 2). However as lactation progressed and 
as the cows lost weight under the stimulation of thyroprotein, the heart rate de- 
creased from levels of 90 to 100 beats per minute to about 60 beats per minute which 
is near the normal level for lactating cows. That this drop in heart rate was not al- 
together a result of the animals developing a tolerance to thyroprotein was indicated 
by the fact that the heart rate increased when extra feed was given. Body weight in- 
creased at the same time. These results suggested that thyroprotein might be less 
active when the amount of energy for metabolic purposes is deficient. On the other 
hand the decrease in heart rate could be a result of insufficient energy alone either 
from feed or body stores since Benedict and Ritzman (3) have shown that plane of 
nutrition affects heart rate. The present study was therefore undertaken to deter- 
mine the interaction between energy intake and the action of thyroprotein on heart 
rate. 


PROCEDURE 

Two dairy steers, A and B, were fed thyroprotein at a rate of 1.5 grams per 100 pounds body 
weight during periods when their feed allotments were 50, 100 and 140 per cent of their calculated 
energy requirements. Each period lasted at least 30 days. 

Another pair of steers, C and D, were given similar amounts of feed during the same periods 
Mthout added thyroprotein and a fifth steer, E, was kept on a relatively constant intake over the 
whole experimental period to rule out possible seasonal effects. 

Heart rates were obtained twice weekly in the morning before feed was given to the animals. 
The average heart rate for that portion of the period where maximum and constant effects of thyro- 
protein or feed intake were evident was used for comparison of the effects of the several procedures. 
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Feed and tliyroi^rotcin were adjusted at lo-day intervals on the basis of body weight obtained 
at similar intervals. Changes in energy intake rvcrc in most instances made by increasing or decreas- 
ing the grain portion of the ration. 

RESULTS 

The consumption of feed and variations in procedure and the heart rate under 
the various conditions for one steer of each pair are shown in figure i. 

An increase of feed in addition to thj^oprotein from the 13th to the 43rd day 
{steer B) increased the heart rate from 59 to 91 beats per minute. When the feed 
was reduced during the next period the heart rate dropped to 70 beats per minute, a 
change of 21 beats. Of tlie change in rate produced in the period from 13 to 43 days 
the extra feed therefore accounted for an increase of 21. The thyroprotein added at 


Fig. I. Etfect of thyroprotein and en- 
ergy intake on the heart rate of steers. The % 
T.D.N. refers to the actual consumption of total 
digestible nutrients based on the calculated re- 
quirements of each individual. 




the same time was responsible for the additional increase of 1 1 beats per minute. The 
difference in heart rate in the period 74 to 103 days as compared to the previous period 
IS due to the withdrawal of the thyroprotein, and the thyroprotein effect from 43 to 74 
days was therefore 16 beats per minute. In this manner the effect of thyroprotein 
at the various levels of energy intake and the effect of various energy intakes on heart 
rate has been determined. The effect of increasing or decreasing energy consumption 
on heart rate uncomplicated by administration of thyroprotein for steer D is also 
shown in figure i . 

Marked changes in heart rate occurred as a result of alterations in energy con- 
sumption or as a result of feeding thyroprotein at different levels of energy intake. 
The complete data for all four steers and the control are shown in fable i'. 

It will be noted that as feed consumption increased, heart rate also increased and 
this general relationship was true whether thyroprotein was fed or not. The heart 
rates at all levels of consumption were higher when thyroprotein was fed but, in spite 
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of the hyperthyroidism induced by the thyroprotein which was severe enough to 
cause loss of body weight even when the animals were being fed in excess of require- 
ments, increases or decreases of feed consumption resulted in changes in heart rate. 

Booth, Elvehjem and Hart (3) have presented results which are an apparent 
contradiction of this general relationship. They state: “Little if any correlation be- 
tween heart rates and the level of concentrate feeding was apparent, contrary to the 
results of Moore” (5). That they came to such a conclusion is not surprising but 
their results and those obtained b}'' Moore (5) cannot really be compared. The Wis- 
consin workers did not have accurate feed consumption data since they fed hay ad 
libitum and approximately 15 pounds of silage and only had accurate records on the 
concentrates fed. In addition some of their animals were on pasture in one trial. 
In the present work and in that reported b}’- Moore accurate records were kept on the 
total feed consumption. On this basis there is a relationship between heart rate and 


Table 1. Heart rate (beats per minute) at various levels or t.d.n. intake with 

AND IWTHOUT thyroprotein 



1 STEER A 

STEER B 

STEER C 

STEER D 


FEED INTAKE 







STEER E> 


I 

2 1 

IB 

2 

1 

2 


50-52% of 
requirements 

i 

40 

1 

54 

■ 

5 S 

45 

40 

i 

59 

89-108% of 

C7 

80 

59 

70 

56 

58 

66 

requirements 

S6 

67 

54 

74 

65 

55 

59 




1 


63 

55 

61 

i 

115-131% of 
requirements 

— 

90 

1 

1 

91 

70 

70 

65 


I. Without thyroprotein. 2. With thjToprotein. 
' Constant feed intake throughout. 


feed consumption and while adjustments in feed intake were usually made by in- 
creasing or decreasing the concentrate portion of the ration, a correlation between 
heart rate and concentrate feeding could only be expected if the remaining parts of 
the ration remained constant, a condition which would almost certainly not hold 
where hay was fed ad libitum. In addition, we have observed variation in heart rate 
between cows at similar feed levels and stages of lactation and as a result of variations 
in the technique of determining rates (unpublished data). The initial heart rates of 
some of the cows used by Booth el al. seem to be above normal and may have been 
due to some of these factors. These high initial rates would make a correlation be- 
tween concentrate feeding and heart rate still less probable. 

The effects of changes in energy intake are shown in table 2. In this table the 
alteration in heart rate produced by addition or withdrawal of feed have been re- 
duced by calculation to a common basis of a 10 per cent increase or decrease in feed 
consumption. This was necessary because of the variation in feed intake of the 
various steers. The left-hand column indicates the amount of feed being consumed 
when additions or decreases in feed were instituted. 
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If the one very high value of ii.i is excluded from the data, a 10 per cent change 
in feed consumption produced on the average a change of heart rate of 3.6 beats^per 

Table 2. Calculated changes in heart rate induced by changing feed intake 


T.D.K. IKTAKC WHEK THED Cn.\KCES itADE 

OrAKGE IX nEABT RATE (dEATS/UIN.) PRODUCED DY IO% INCREASE 
OR DECREASE IN T.D.N. 

Steer A i 

Steer B 

Steer C 

steer D 

50% of requirements 

2.6' 

3 - 2 * 

3-2 

3-0 

94-101% of requirements 



WBm 

5 -S 


. 5-3 

2-5 

HBUI 

3-0 

115-131% of requirements 

2 . 5 * 

5 - 7 * 

2.2 1 

5-3 


^ Thyroprotein being fed when these determinations were made. 


Fig. 2 , Heart RATES 
at various levels of energy 
intake. 


Beats 

per 

min. 



T.D.H. Intake 50 70 90 010 

1% of Requirements) 


Table 3. Increase in heart rate induced by feeding thyroprotein at 

DIFFERENT LEVELS OF FEED INTAKE 



INCREASE IN HEART RATE (BEATS/MIN.) 

FEED INTAKE 



Steer A 

Steer B 

S<2% of requirements 

14 

16 

94 and 96% of requirements ! 

24 

16 

231% of requirements 

13 

II 


minute. The change in rate was relatively constant irrespective of the level of energy 
intake at the time that changes in intake occurred. Similarly the presence of thyro- 
protein in the ration did not affect the relative values obtained. Whether or not this 
same relationship would hold in still more severe instances of hyperthyroidism as 
might be encountered in the human subject has not been determined. 
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The effect of thyroprotein on heart rate was also relatively constant over the 
whole range of energy intake which was studied. As noted previously (table i) 
th)TOprotein increased heart rate at all levels of energ)^ intake as compared to rates 
observed at similar levels of intake without thyroprotein. The two sets of values 
parallel one another, as is shown in figure 2, over the range of intake which was 
studied. This relationship is even more striking when the variation in energy intake 
of individual steers which existed at certain levels of consumption is taken into con- 
sideration. 

The observed and calculated changes in heart rate produced by feeding thyro- 
protein are shown in table 3. With the exception of one high value, the increases in 
heart rate were not significantly difi'erent at the various levels of feed intake. These 
data indicate that the amount of feed being consumed did not alter the essential 
activity of thyroprotein as far as its effect on heart rate was concerned. 

suaiMARY 

The heart rate of hyperthyroid steers can be materially altered by varying feed 
intake. Increases or decreases of energy consumption did not change the essential 
activity of thyroprotein on heart rate. The effects of thyroprotein and energy seem 
to be additive. 
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THIAIN'IINE DEFICIENCY IN NORMAL RATS AND 
IN RATS MADE DIABETIC WITH ALLOX/VN^ 

RALPH G. JANES and JOAN BRAHY 
From the Deparimeui of Anatomy, State University of I owa 

IOWA CITY, IOWA 

I N VITRO studies have established that thiamine is an essential factor in tlic 
oxidation of certain intermediary products of carbohydrate metabolism. 
However, in- vivo observations usually fail to show any definite alteration in 
carbohydrate levels in the blood until a condition of severe deficiency is reached. 
While Monauni (i) reported the occurrence of a hypoglycemia and Drummond 
el al. (2) a hyperglycemia in polyneuritic animals, it is generally agreed that animals 
with a mild to severe polyneuritis have decreased tolerances for carbohydrate 
(3-5). In addition to a decreased tolerance, Abderhalden el al. (6) and Vorhaus e( 
al. (7) found increased liver glycogen levels. Styron cl al. (8) obserr^ed no impair- 
ment of carbohydrate tolerance in normal and diabetic animals until tliere was a 
marked thiamine deficiency. Smith and Mason (9) gave two human diabetics 
thiamine-deficient diets and although a deficiency state was not reached, the diets 
had no influence on the intensity of the diabetes. 

Since the relation of thiamine deficiency to diabetes has received only limited 
attention, the present study was undertaken to obtain further information on the 
problem. Normal animals were studied along with the diabetics so that the two 
groups could be compared. This investigation is somewhat similar to that of Styron 
el al. (8), but differs principally in that the rats here used were made diabetic witli 
alloxan rather than by pancreatectomy and were studied under pair-fed conditions. 

EXPERIJIENTAL PRO CEDURE 

T^hirty normal and 30 diabetic adult male rats of the Long-Evans strain were divided into a 
control group of 10 normal and 10 diabetic animals and an c.\pcrimcnlal group of 20 normal and 20 
diabetic. The diabetes Lad been produced by subcutaneous or intrapcritoncal injection of J25 
mgm. of alloxan per kilogram of body weight. For the diabetic study only such rats were chosen as 
were severely andpermanently diabetic, as shorni by 3-i- and 4-t- urine sugars over a preceding period 
of I or 2 months. 

The rats were fed an adequate basal diet (table i) for 2 or 3 weeks before being paired. The 
normal rats -were paired with each other according to similarity in body weight and food consumption ; 
the diabetics were paired, as well as possible, according to similarity in urine volume and urine' and 
blood sugars as well as in body weight and food consumption. One animal of each pair received the 
thiamme-deficient diet (basal diet without added thiamine), wiiile the other animal was continued pn 
the basal diet but was limited to the same amount of food as was eaten by its pair-mate. When 
anorexia caused a reduction in food intake of the rats on the deficient diet, tlie pair-mates received 
half of their food allowance in themomingand the other half in the late afternoon to avoid long fastinc 
periods and the possibility of ketosis. 


Received for publication June 12, 1948. 
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The urine of the diabetic animals was tested qualitatively for sugar and acetone bodies every 
two days. Quantitative blood and urine sugar determinations were made weekly, on nonfasted rats, 
by the method of Somogyi (10). 

Both rats of a pair were killed when either the thiamine-deficient animal reached a state of severe 
polyneuritis or the pair-mate, because of the semistarvation diet, became moribund. The 10 normal 
and 10 diabetic control rats had body weights similar to the maximum weight observed in individuals 
of each thiamine-deficient group before anorexia became evident. In addition, the severity of the 
diabetes in the control diabetic rats was similar to that found in the diabetic animals on the deficient 
diet. The left kidney, adrenals, thjToids and pituitary were removed from all animals and were used 
for weight comparisons and tissue studies. 

Table i. Composition or basal diet 


CONSTITUENTS 

AMOUNT 

CONSTITUENTS 

AMOUNT 


gm. 


mgm. 

Casein (vitamin-free) Labco 

18.0 

Thiamine 

0.5 

Sucrose 

30.0 

Niacin 

1 .0 

Starch 

39-0 

Pyridoxine 

0-5 

Crisco 

S-o 

Ca-pantothenate 

1-5 

Wesson oil 

S-o 

Riboflavin 

0*5 

Salt mixture (Hubbell, Mendel & 



cc. 

Wakeman) 

3-0 

Haliver oil 

0. 2 

Choline 

0. 1 




RESULTS 

Physiological E feels 

The rats remained in excellent physical condition until the polyneuritis developed 
in the thiamine-deficient animals or their pair-mates became moribund. Even 
though the diabetic rats had nonfasting blood sugar levels ranging from 600 to 
1000 mgm. per cent, they did not exhibit ketosis at any time. 

The food intake of the series of normal rats is not presented because it followed 
a verj'' similar pattern in each deficient animal. During the control period the 
normal rats ate on an average of 15 to 18 grams of the basal diet per day. Ten 
days following tlie first signs of anorexia caused by the thiamine-deficient diet these 
rats ate an average of 3 to 7 grams of food per day ; near the end of the deprivation 
period tliey ate from 2 to 5 grams. Animals which failed to eat on certain days are 
not included in the averages. The food consumption of the diabetic animals was 
greater as a result of the disease. The daily intake of the paired groups was generally 
between 20 and 40 grams (data of two typical pairs of diabetics are shown in figure 
2). Soon after the thiamine-deficient diet was introduced there was a marked 
reduction in food intake of the diabetic animals but the rate of reduction was more 
variable than that found in the normal thiamine-deficient rats. Near the termination 
of the experiment the food intake of the diabetic-deficient rats was usuallj'- a little 
higher than in the normal deficient rats. 

Following the introduction of the deficient diet the normal rats showed a loss 
of appetite after an average of 15.4 days (range 4- 19 and —10) and polyneuritis 
after an average of 48.2 days (range -{-53 and —37). The diabetic rats, on the other 
hand, showed the loss of appetite after an average of 12.8 days (range -|-i6 and —9) 
and pol3meuritis after an average of 41.6 days (range -1-69 and —29). In both 
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normal and diabetic rats, 3 pair-fed animals of each group became moribund because 
of tlie semistarvation diet just before or at the same time as the polyneuritis became 
evident in the others. 

The great variation seen in the time that polyneuritis appeared m the thiamine- 
deficient rats might be interpreted as indirect evidence that some of the rats were 
synthesizing thiamine. It has been shown that rats, under certain conditions, can 
synthesize vitamin Bi (ii). FurUiermore, since 30 per cent of the pair-mates were 
moribund, the question arises as to the cause of death in the polyneuritic animals. 


THIAMINE DEFICIENCY IN 
NORMAL RATS 



CONTROL PERIOD 1 EXPERIMENTAL PERIOD 

TIME IN DAYS 
Fig. I 

Inanition may be the primary cause and the polyneuritis becomes more discernible, 
or at least appears more severe, because of the cachexia associated witli the reduced 
food intake. 

Average blood sugar values for the normal rats during the control period were 
a little lower in the animals which were to be pair-fed (fig. i). Beginning witli the . 
thiamine-deficient period, the blood sugar values were similar during the first three 
sampling days and then decreased. However, as they decreased the average values 
became slightly higher in the normal pair-fed rats. The maximum and. minimum 
values w^e within the range found in normal rats in absorptive and postabsorptive 
states. Considerable variation was seen in individual blood sugar values for each 
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pair of the diabetic rats. This was particularly evident in rats 35 and 36 (fig. 2). 
The blood sugar- levels of the diabetic rats declined, as would be expected, with the 
reduced food intake. The average values during the control period for the 12 
diabetic rats which were to receive the deficient diet was 761 mgm. per cent and for 
the animals which were to be pair-fed was 813 mgm. per cent, while at the termination 
of the experiment these values had decreased to 309 and 389 mgm. per cent, respec- 
tively. 


THIAMINE DEFICIENCY IN DIABETIC RATS 

B, DEFICIENCY • — • 

PAIR FED • — • t=i 



In the normal series of rats urinary sugar was excreted in negligible amounts. 
In the diabetic animals, however, sugar excretion generally followed a pattern 
similar to that for food intake. When food consumption was high there was marked 
glycosuria, but as food intake declined, sugar excretion was correspondingly reduced 
(fig. 2). There was usually no marked difference in the excretion rate of the deficient 
and pair-fed animals. 

The animals which received the thiamine-deficient diet showed the usual loss 
in body weight. The weight loss was not as marked in the pair-fed animals of each 
group (table 2) , but the average initial maximum weight was a little less in these 



Table 2. Effect of thiamike deficiency-om body and organ wi;iguts 
(averages for 10 RATS IN EACH GROUP) 


CONTROL 

BODY WT. 

■ ORGAN WT. 

Normal 

Rt. kidne}’ 

Adrenals 

Thj’roids 

Pituitary 


sm. 

431 


msm. 

i549.o±Si .0- 
41. 6± 2.2 
iS.2± 1.7 

12. 4± 0.3 


Diabetic 

Rt. kidney 

Adrenals 

Thyroids 

Pituitary 


369 


2053 . Ozfc I 2 1 . 0 

52. 4± 2.8 

17. 4± 1.2 
ir.6± 0.4 



BODY WEIGHT 


iIGM/lOD GM. 
BODY WT. 

nirr. in 
ORGAN WT., 

EXrERIiTENTAL 

1 

Max. 

cvt. in exp. 
period 

Terminal 

wt. 

Wt. Loss 

ORGAN* ^\T. , 

r.xr. & 

CONTROL 

CRour.s 

Normal thiamine-defi- 
cient 

Rt. kidney 

Adrenals 

Thyroids 

Pituitary 

Sm. 

420 

sm. 

217 

/C 

1 

50 

i2.t4-o±5i-o- 
SO.?± 3.8 
i5-7± 1-0 
8.5± 0.3 

57S=t9-o- 
23±I .0 
^±o.^ 
4±o. 2 

— 20 

-PiS 

-14 

-31 

Pair-fed rats for normal 
thiamine-deficient 
group 

Rt. kidney 

Adrenals 

Thyroids 

Pituitary 

415 

242 


9i2.odb45-o 
42. 8± 2.0 
iS.3± 0.8 
9-5± 0-7 

383^9.0 

i8±o.9 

fi±o.3 

4±o.3 

-41 

+ 3 
— 16 

-23 

Diabetic thiamine-defi- 
cient 

Rt. kidney 

Adrenals 

Thyroids 

Pituitary 

371 

234 

37 

i353-o±90-o 
54.2it 2.8 
i 8.9± 1.4 
S.3=fc 0.4 

599±48 .o 
24± 1.8 
8± 0.5 
4± 0.3 

-34 

+ 3 
+ 8 
-29 

Pair-fed rats for diabetic 
thiamine-deficient 
group 

Rt. kidney 

Adrenals 

Thyroids 

Pituitary 

7 T? . • t f 

354 

232 

34 

iios.oigo.o 
49-3± 2.1 

13 ■ 1 .0 

9.S± 0. 7 

1 

487±3 I.o 
22± 1.6 

7± 0.5 
4=b 0.2 

—46 
- 6 

— 10 

— 16 


^ . ° — — * uL.:.civuu m ucncient rats belorc anorex a Iipmmr' 

to that observed 

- Standard error. 
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rats. Regardless of the initial weights, the average terminal weights of the different 
experimental groups were fairly similar. 

The thiamine-deficient diet appears to have a greater influence in altering 
appetite than in altering blood sugar levels, since carbohydrate levels are verj'' 
similar, before polyneuritis becomes evident, in both the deficient animals and their 
pair-mates. Perhaps the small amount of thiamine which is present in the deficient 
diets or the thiamine which may be synthesized is sufficient for the part it plays in 
tire oxidation of carbohydrates but not sufficient to maintain the appetite of the 
rats or suflicient to protect the nerrmus system, for various periods of time, from the 
characteristic neuritis. 

It is true that near the termination of the experiment the deficient rats showed 
a tendency towards lower blood sugar levels and a greater weight loss thair their 
pair-mates. The reason for this is not evident from these studies but it may result 
at this time from a decreased utilization of carbohydrate or a decreased absorption 
of food from the intestines. Such an alteration in the absorptive rate has been 
described by Free and Leonards (12). 

The urine volumes of the normal pair-fed animals displayed an unexpected 
pattern. Although exhibiting some variation, the average urine volumes for the 
normal rats receiving the deficient diet were fairly similar throughout the experiment. 
However, about the time the ^ood intake of their pair-mates was reduced, the urine 
volumes of these animals increased and became progressively elevated until the 
termination of the experiment (fig. i) • The urine output of tire deficient and pair-fed 
diabetic rats did not exhibit such a marked difference. Because of the diabetes, the 
urine volumes of these rats were very high initially but declined in both groups with 
the reduced food intake. However, with limited rations the pair-fed diabetic 
animals showed a tendency to excrete more urine than the deficient rats (fig. 2). 
Michelson (13) has found increased urinary excretion in human beings who were 
given a semistarvation diet but the exact cause was not understood. Perhaps when 
the amount of food is limited the animals drink more water to create a feeling of 
fullness. 


Organ Studies 

Weight Changes. There was considerable variation in the organ weights of 
the normal and diabetic controls as well as of the tliiamine-deficient rats (table 2). 
The kidneys and adrenals from the diabetic animals were larger than those in the 
normal rats but tlie thyroids and pituitaries of the two groups were about the same 
size. The organ weights of the experimental animals exhibited less departure from 
the controls, when considered as percentage change, than did values for total body- 
weight. 

The kidneys showed loss in weight in each of tlie tliiamine-deficient groups 
when compared with the controls, but with the exception of one pair of diabetic rats, 
this loss was less than in the pair-fed rats. The weight decrease in the kidneys of 
the pair-fed animals was comparable to tlie loss in body weight. The terminal 
weights, calculated as mgm./ioo grams body weight, were smaller in the pair-fed 
animals than in the deficient rats. The weights of the adrenals in the deficient 
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anim'ils did not var}^ as mucli from control values as the kidneys. Instead of showing 
weight, the adrenals maintained their weight and were actually 
hypertrophied in the normal thiamine-deficient rats. I he adrenals of the deficien 
rll were^a little larger than tliose from the pair-fed. The thyroids of the deficien 
rats were slightly but not significantly larger than those from pair-fed contr . 



Fig. 3. Effect of Bi deficiency on kidney size and structure. Upper left: section of kidney 
from Bi-deficient diabetic rat. X 3. Body wt., 180 gm.; kidney wt., 1336 mgm. Upper right: 
section of kidney from pair-fed control diabetic rat. X 3. BodywL, 174 gm.; kidne3Mvt., 722 mgm. 
Lower; sections of cortex of above kidneys, X 70. Note larger Malpighian bodies in kidney of 
thiamine-deficient rat (left) . 


When compared with the controls the pituitaries of the experimental animals showed 
a loss in weight which was less than, but proportional to, the loss in body weight. 
When the pituitary weights were calculated as mgm./ioo gram body weight, values 
were identical for each of the experimental groups. 

Histological Changes. Several organs were studied histologically in an effort 
to determine if the thiamine deficiency had produced any alteration in organ struc- 
ture. Organs of the deficient animals were compared with their pair-mates as well 
as with the organs of their respective normal and diabetic controls. The kidneys 
were the only organs which exhibited histological modifications which could be 
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attributed solely to thiamine deficiency. In 19 out of 20 pairs of normal and diabetic 
experimental rats, the kidneys were larger in the deficient animals than in cheir 
pair-mates. Furthermore, the Malpighian corpuscles were larger in the deficient 
animals and roughly proportional to the size of the kidneys (fig. 3). The kidney 
from one deficient diabetic rat was smaller than the kidney from its pair-mate, but 
the average diameter of Bowman’s capsules was a little larger in the kidney from 
the deficient animal. In addition to the larger Malpighian corpuscles in the deficient 
rats, the kidney tubules appeared larger and the blood vessels more congested, 
particularly in the diabetic animals. All the kidneys from diabetic animals showed 
the usual changes associated with severe alloxan diabetes. 

McCarrison (14) reported that vitamin B-deficient diets caused an atrophy 
of the kidneys, and Martinez (15) found edema in the glomerular zone and tubular 
atrophy in thiamine-deficient animals. In the present study, these pathological 
changes were not found. 


SOTarARY 

Normal rats and rats made diabetic with alloxan were given a diet deficient 
in thiamine and were studied under paired-feeding conditions. The thiamine- 
deficient diet appeared to have a greater influence in altering appetite than in altering 
blood sugar levels, since the latter were very similar, before polyneuritis became 
evident, in both deficient and pair-fed animals. Near the termination of the experi- 
ment, the deficient rats showed a tendency towards lower blood sugar levels and a 
greater weight loss. This may have resulted from a decreased utilization of carbo- 
hydrate or decreased absorption of food from the intestines. 

The kidneys of thiamine-deficient rats were larger than those of their pair-mates 
and had larger Malpighian bodies. The urine volumes, however, were larger in the 
pair-fed rats than in the deficient animals, particularly in the normal series. 

The primary cause of death in the deficient rats was probably not polyneuritis, 
per se, but inanition. 
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TRYPTOPHANE AND BLOOD SUGAR LEVELS 

FRED HOWARD AND RALPH MODLINGER 
From Ihc Dcparlmciit of Biology, Clark Uitivcrsily 

WORCESTER', MASSACHUSETTS 

T hat dl-tryptophane ma.y lower blood sugar levels was first suggested by 
Crowell and Turner (i). This was reported in letter form and was 
mentioned again by the same authors in a later paper (2). In their 
experiments a group of 9 young adults were given dl-tryptophane in doses varying 
from 0.14 to 0.32 grams adjusted to body weight for eight days, with a one-day rest 
on the fifth day. The material was taken in powder form since previous ingestion 
in gelatin capsules had proved less eflectivc in changing salivary amylases, which 
was their immediate objective. They report blood sugar levels before tryptophane 
and two hours after the last dose of the amino acid. .Among their 9 subjects, only 
I failed to show a decrease in the blood sugar levels. The^’- found an average drop 
of 26 mgm. per cent in the other 8 cases, the lowermg ranging from 8 to 50 mgm. per 
cent. Because of the possible therapeutic implication as well as tlie little known 
mechanism of activity of tlris amino acid, further study of the problem seemed 
warranted. 


PROCEDUIUE 

Normal male students at this university were used as subjects, with ages ranging 
from 19 to 31. Weight variations are mentioned in the tables below. Daily doses 
of dl-trj’'ptophane^ were fed to these students for a period of two weeks without 
interruption. 

No dietary restrictions were imposed upon the subjects. The material was 
given in gelatin capsules because of ease of administration since we could see no 
reason why the gelatin should interfere with the overall picture to be obtained. 
Blood sugars were drawn in all cases after nine hours of fasting. The initial dose 
of tryptophane was taken immediatel)'- followmg the first blood sugar. Sample 
sugars were taken throughout the two-week course and the final level obtained 24 
hours after the last dose of tryptophane. In a few cases another blood was examined 
one week later to check for possible latent effects. All blood sugars were determined 
by the Folin-Wu method using the Klett-Summerson photoelectric colorimeter. The 
students were divided into various groups, but in several cases after a two-week rest 
were used in the next higher dosage group. 

RESULTS 

Table I shows the mean values of blood sugars of the subjects taking dl-trAmto- 
phane over a two-week course. 

Received for publication May 7, 1948. 

^ The dl-tryptophane was kindly furnished by Merck & Co., Inc., Rahway, N. J. 
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Column A gives the data for the 0.25 gram per day group, and no significant 
change can be noted. With a total of 93 blood sugar determinations in 14 subjects in 
this group only 2 showed significant changes at the end of the experiment. Of these, 
I was not reliably reported on the last day of the experiment, and some error in the 
analysis suspected. This was supported by a return to his original level in subsequent 
foUow-up studies. The other individual who showed a change failed to do so when 
placed on higher dosages of the amino acid. Although marked fluctuation occurred 
in the series, with the largest individual range from 84.1 to 71.3 mgm. per cent, we 
could not establish a definite trend for either an increase or a decrease on any i day. 


Table i 


TIME 

A 


c 

TIME 

A 

B 

C 

days 




days 




0 

86.6 

79.8 

89.7 

9 

SS .7 

91 .0 


I 



90-3 

II 

85.0 


89. 8 

2 

89.4 

86.4 

90.6 

12 

82. 6 



4 


Ss-s 


14 

86.6 

88.9 


7 

85.1 

84.8 

93-0 

21 

84 . 3 

89.0 



Mean values, blood sugars (mgm. per cent), following ingestion of dl-trjTjtophane. Column 
A: results of 14 cases (wt. 150-200 lbs.) on 0.25 grams daily. Column B: results of ii cases (wt. 
110-170 lbs.) on 0.50 grams dail}'. Column C: results of 3 cases (wt. 155-190 lbs.) on r.o grams 
daily. 


Table 2 


TIME 

CONTROL 

0.25 

0.50 

I.O 

hr. 

, j 

0 

99.9 

90.1 

88. 1 

95-9 

I 

97-4 

92-5 

90.1 

9 S-d 

2 

98.7 

88.2 

88.2 

95-9 

3 

lOI .4 

89-5 

89. 2 

94.2 


Mean values, blood sugars (mgm. per cent), after ingestion of dl-triTstophane in 0.25, 0.50, 
and i.o gram capsules'with controls for 4 cases over a 3-hour period. 


Column B gives the results of the feeding of 0.5 gram of tryptophane per day. 
Of the 1 1 cases cited here, 5 showed significant changes, aU increases, ranging from 
lo.o to 28.4 mgm. per cent. This in part accounts for the low mean value of the blood 
sugar at the start of the experiment, for the other 6 subjects showed differences in 
their initial and final blood sugars of only — 1.6 to 7,2 mgm. per cent. In only i case 
was a possible error in determination suspected, that being an initial reading of a sub- 
ject who in every subsequent test showed a uniformly higher value. We feel reason- 
ably certain that his initial value should have been higher and that his total gain of 
28.4 mgm. should be less. It is interesting to note that in no case was a marked 
decrease encountered. 

In column C are shown results of the ingestion of i.o gram of tryptophane 
daily. 
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Since no significant change was obtained in the 3 cases on i gram dail)% the pos- 
sibility remained to be investigated that the Crowell-Turner group had picked up a 
transient change in the blood sugar since tlievr last blood was drawn two hours after 
the last dose of tryptophane. To investigate this we drew a fasting blood sugar, and 
immediately after this the subject ingested his tr>rptophanc. Then at varying times 
aftenvards bloods were drawn and e.xamined. Table 2 summarizes these experiments. 

If we contrast the hourly fluctuations in the blood sugars with no tryptophane 
with those given the amino acid, we find no significant changes. 

DISCUSSION 

That tryptophane should have any permanent effect on blood sugar levels seemed 
to us rather remote. Tryptophane is not present in insulin itself (3) and is not con- 
verted into glucose. That it might be present in some remote control mechanism or 
might exert some effect upon the liver remained as possibilities. A possible mecha- 
nism for its action in lowering blood sugars was suggested by Crowell and Turner (2). 
We, however, have not been able to demonstrate either a sustained significant in- 
crease or decrease withm our experimental conditions, or a transient effect. 

SUMMARY 

The effect of dl-tryptophane in blood sugar levels has been studied using normal 
males as subjects. Doses of 0.25, 0.50, and i.o gram per day for 14 days failed to 
lower the blood sugar levels. In 5 of the ii cases given 0.5 gram per day, a signifi- 
cant increase was noted. An attempt was made to pick up a transient effect of tr>'p- 
tophane on blood sugar levels some i to 3 hours after ingestion, but no effect was 
found. 
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FLAME PHOTOMETER DETERMINATIONS OF SODIUM AND 
POTASSIUM IN RELATION TO POSSIBLE 
INTERFERENCE BY PHOSPHATE' 

SUMNER SHAPIRO and HUDSON HOAGLAND 
From the Worcester Foundation for Experimental Biology 
” SHREWSBURY, MASSAaiUSETTS, 

the Department of Physiology, Tufts College Medical School 

BOSTON, MASSACHUSETTS 
and the Research Service, W orcester Stale Hospital 
WORCESTER, JIASSACHUSETTS 

C RISMON (i) has reported that analyses of tissue ash of muscle for sodium 
and potassium by the flame photometer and by chemical methods show 
agreement only after phosphate has been removed (by precipitation with 
CaO) in the aliquots analyzed by the flame photometer. Thus, in the presence of 
phosphate, sodium readings are reported to be 24 to 53 per cent lower by flame 
photometry and potassium readings were found to be 19 to 29 per cent lower than 
those determined by chemical procedures. Standard solutions of sodium phosphates 
were also reported to give only about 50 per cent of the values for sodium by flame 
photometry compared to values after phosphate removal. Crismon suggests that 
determinations of urinary sodium and potassium with the flame photometer should 
be checked for effect of phosphates. 

Because we have made extensive use of the flame photometer in determining 
sodium and potassium in urine and in brain and muscle (2, 3), the present series of 
experiments was undertaken to determine the extent of interference caused by phos- 
phates. 

URINES 

A total of 39 urines from 13 men were analyzed for sodium and potassium using 
the Perkin-Elmer Flame Photometer (Model 18). One series of aliquots of these 
samples was analyzed directly for sodium and potassium while a second series of 
aliquots was treated with CaO to remove phosphates. 

A. First Series of 18 Urines. The series of aliquots which contained unremoved 
phosphates were prepared by pipetting a i cc. sample of urine into a 100 cc. volu- 
metric flask and making solutions up to volume with distilled water. Direct readings 
for sodium on the flame photometer of these i/ioo dilutions of the urine samples 
were then made. For potassium 1/300 dilutions were used. Our flame photometer 


Received for publication June ii, 1948. 
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is regularly calibrated so that 19.9 parts per million (ppm.) of potassium and 50.0 
ppm. of sodium read 100 on the dial calibrated from zero to 100. 

Phosphate-cxiracted series. The series of aliquots which were designed to be 
free of phosphates were prepared by pipetting a i cc. sample of urine into a 10 cc. 
volumetric flask and making solutions up to volume with distilled water; CaO (C.P.) 
was added until no further precipitate was formed and solutions were subsequently- 
centrifuged and filtered tlirough ash-free filter paper (S and S No. 589 Blue Ribbon), 
Control solutions of NaCl and KCl were concurrently filtered in order to rule out 
possibilities of contamination by the filter paper. We have found that neither 
centrifugation nor filtration of the urines varied sodium or potassium values. The 
10 cc. solutions were then made up to 100 cc. and analyzed directly on the flame 
photometer for sodium at i/ioo dilution, while potassium readings usually necessi- 
tated a dilution to 1/300 to bring the values onto our calibration curve for potassium. 

The analyses of three urine samples for each of 6 men gave mean values for 
sodium excretion of 162 mgm. per hour before removal of phosphate and 157 mgm. 


Table i. pH, phosphate, sodium anti potassium values before an'd after cao treat.ment to 
REMOVE PHOSPHATE (MEAN OF 21 SAMPLES) 



1 

PO. 

\ K EXCRETED 

Xa EXCRETED 

%PO. 

PH 

j mjm. 

^ mgra./hr. 

mgm. /hr. \ 

REMOVED 

pre CaO 

post CaO 

pre CaO 1 

post CaO 

pro CaO 

post CaO 

pre CaO 

post CaO 

after CaO 

6.7 

10.7 

1. 14 

wm 

192 

195 

258 

279 

90.4 


per hour after phosphate removal from aliquots of the same samples. These same 
i8 samples gave mean values of potassium of 193 mgm. per hour before phosphate 
removal and 208 mgm. per hour afterwards. Application of Fisher's / test shows 
these means not to be significantly different. In the case of both sodium and potas- 
sium the mean values of the phosphate-containing and the phosphate-free samples 
do not show statistically significant differences. 

B. Second Series of 21 Urines. Using the same procedures that have been 
outlined above, three samples of urine collected from each of 7 men were analyzed by 
the flame photometer. In the case of these urines pH and phosphate values after the 
method of Fiske and Subbarow were obtained on all of the aliquots. Table i shows 
the pH, phosphate content and sodium and potassium values both before and after 
CaO treatment, as well as the percentage of phosphate removed from solution. 
As in the case of the first series of urines, the mean values of sodium and potassium 
excreted (mgm./hr.) as determined by the flame photometer in the presence of 
phosphates do not show significant differences from values obtained after phosphates 
have been removed. 

Averaging the values before and after phosphate removal for all 39 urine samples 
and expressing the results in mgm./hr. excreted, we find a sodium value of 210 
before and 218 after phosphate removal and a potassium value of 192 before and 201 
after phosphate removal. The respective means thus agree to within 4 per cent. 
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TISSUE HOMOGENATES 

To compare photometric determinations for sodium and potassium in the pres- 
ence and absence of PO4 in tissue homogenates rat muscle was used. The left 
gastrocnemius muscle was removed from 12 white male rats each weighing about 200 
grams. Muscles were weighed, homogenized in 100 cc. of distilled water in the 
Waring blender for four minutes and divided into equal 50 cc. lots. 

A. Phosphate Series. The aliquots with normal tissue phosphate contents 
were treated with a drop phenolphthalein, then vacuum-filtered through ash-free 
filter paper (S and S No. 589 Blue Ribbon) and read directly at r/ioo dilution for 


Table 2. pn, phosphate, sodium and potassium values before and after cao treatment to 

REMOVE phosphates 



pH 

i 

PO4 

mgm. % j 

POTASSroil 

mgm./gram 

SODIUM 

mgp\.fgram 

VOi 

REMOVED 

pre 

CaO 1 

post 

CaO 

pre 

CaO 

post 

CaO 

pre 
^ CaO 

post 

CaO 

pre CaO 

post CaO 

1 2 Muscles 
mean values 

7-9 

9-7 

1.03 

0. 22 

3-29 

3-34 

0.422 

■ 

79% 


Table 3. Sodium and potassium values of tissue ash solutions before and after phosphate 

removal 


MUSeXE NO. 

PRE CaO 

POST CaO 

PRE CaO 

POST CaO 


ingm. potassium/gram 

mgm. soiiitmigram 

I 

3-32 

1 3.28 

0.441 

0.441 

0 

3. SO 

3.80 

0-545 

0-545 

3 

3 • 2O 

3.20 

0.565 

0.582 

4 

2 . 5,3 

2.52 

0.485 

0.507 

5 

2.81 

2.83 

0 . 466 

0.466 

Mean 

CO 

1 1 

3-14 1 

0.500 

0.508 


Our data thus indicate that in neither of the 3 cases studied — urine, tissue homogenate or tissue 
ash solutions — does the removal of phosphate from solutions significantly elevate or depress the so- 
dium or potassium values obtained b}' flame photometry. 


sodium and usually at 1/300 dilution for potassium. Aliquots of these solutions 
were taken for PO4 and pH determinations. 

B. Phosphate-free Series. The aliquots designed to be phosphate-free were 
treated with a drop of phenolphthalein, enough CaO to turn the solutions pink, 
vacuum filtered and analyzed concurrently with the phosphate series after pH and 
PO4 determinations were made. 

Table 2 indicates that sodium and potassium mean values do not show significant 
differences after removal of most of the phosphates. 

TISSUE-ASH SOLUTIONS 

To compare photometric determinations for sodium and potassium in the 
presence and absence of phosphates in tissue-ash solutions, gastrocnemius muscles 
were removed from five white male rats, weighed wet, then ashed at 200° C. for one- 
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half hour, then at 400 to 500° C. for two hours. The tissue ashes were taken up in 
10 cc. .1 N hydrochloric acid (sodium and potassium-free) and allowed to stand for 
30 minutes. Twenty cc. distilled water were added to the crucibles whose contents 
were then transferred to 100 cc. volumetric flasks and made up to volume w ith 
distilled water. 

A. Phosphate Series. The tissue ash solutions containing phosphate were 
treated with i drop of phenolphthalein and filtered through ash-free (S and S No. 
589 Blue Ribbon) filter paper. 

B. Phosphate-free Series. The tissue ash solutions designed to be phosphate- 
free were treated with i drop of phenolphthalein and sufficient CaO to turn solutions 
permanently pink, then filtered as above and analyzed directly on the ]5hotometer 
concurrently with the phosphate series. Sodium values were deternrined in r/ioo 
dilution and potassium values in 1/300 dilution. 

As is shown in table 3 the removal of PO4 from tissue-ash solutions does not 
significant^ elevate or depress the sodium or potassium values. 

DISCUSSION 

We believe that the discrepancy between our findings and those of Crismon 
may be due to the fact that our determinations were made at considerably greater 
dilutions than those used by him. Our sodium determinations of tissue ash were 
made in dilutions of i : 100 while he used more concentrated solutions. In the case 
of potassium determinations we used dilutions of 1:300. Crismon in a personal 
communication also has suggested that concentration differences may be' the basis 
for our different findings. Berr)’’, Chappel and Barnes (4) have reported abnormal 
flame photometer readings for sodium and potassium values in the presence of a 
variety of interfering substances including phosphoric acid and phosphate salts and 
marked decreases in sodium and potassium readings obtained with. progressi\’e 
increases of concentration of these substances. To minimize these effects and also 
to obtain linear calibration curves it is important to use dilute solutions. 

Hald (s) in comparing sodium and potassium in aliquots of urine samples by 
flame photometry and by chemical procedures has found exxellent agreement in 
the general range of dilutions similar to those we have used. 


SUMilARY 

Removal of phosphates b)^ CaO precipitation does not significantly affect flame 
photometer determinations of sodium or potassium in urine, homogenized muscle 
or ashed muscle if the determinations are made on sufficiently dilute solutions and 
compared to dilute standards. 


We express our thanks to Mr. Fred Elmadjian lor making pu and phosphate determinations 
on many of our samples. 


REFERENCES 

1. Crismon, J. M. Federation Proc. 7 ; 24, 1948. 

2. Hoagland, H. J. Aviation Med. 18 : 450, 1947. 

3. Hoagland, H. and D. Stone. Am. J. Physiol. 152 : 423, 194S. 

4. Berry, J. \y., D. G. Chappell and R. B. Barnes. In’d. Chem. Eng. 18 : 19, 1946. 

5. Hald, P. M. J. B70I. Chem. 167 : 499, 1947. 



HIGH LEVELS OF DIETARY POTASSIUM AND MAGNESIUM 

AND GROWTH OF RATS 

P. B. PEARSON 

With the technical assistance of Patricia Sparks 

From the Department of Biochemistry and Nutrition, Agricultural and Mechanical 

College of Texas 


COLLEGE STATION, TEXAS 

T he toxicity of potassium administered by stomach tube to rats as potassium 
chloride, potassium citrate, potassium acetate and potassium bicarbonate 
has been investigated b)'- Thatcher and Radike (i). They found that the 
toxicity of the chloride, acetate and citrate was not essentially different while there 
was a lower tolerance for potassium bicarbonate. There is evidence available in the 
literature for the antagonistic relationship between the K+ ion and the Ca++ ion in 
physiological processes (2, 3). Winkler, Hoff and Smith (2) found that the toxicity 
of injected potassium was diminished by the simultaneous injection of calcium. It 
is quite possible that a similar antagonistic relationship may exist between potassium 
and magnesium. 

The data reported in this paper are the result of studies designed to give in- 
formation on the relative toxicity of different potassium salts when added to the 
diet of rats and the effect of sub-optimum and high levels of magnesium. The latter 
phase of the work was undertaken to obtain information on whether or not the high 
potassium content of the young growing ivheat plant may be a factor in the etiology 
of grass tetany in bovine. This malady which has been reported to occur in various 
parts of the world (4-6) is characterized by hypomagnesemia. In the course of 
studies on the etiology of the malady, it has been observed at this Station that the 
young wheat plant from areas where the disease is enzootic is very high in potassium 
containing in the order of 3.5 per cent on a dry basis. This is two to three times 
higher than is normally found in young herbage. 

EXPERIMENTAL 

Weanling rats weighing from 45 to 60 grams were used in these studies. The 
animals were confined to wire bottom cages and food supplied ad libitum. The hasal 
diet had essentially the same composition as given in a previous publication (7). 
The potassium content of the basal diet on the basis of the salt mixture was calculated 
to be 0.58 per cent. The magnesium content was 0.015 per cent. This is a border- 
line level of magnesium. According to Kunkel and Pearson (7) 0.02 per cent of 
magnesium satisfies the requirements for optimum growth and performance of the 
rat. WTiile 0.015 per cent of magnesium in the diet was adequate for growth it was 
not adequate to maintain normal levels of magnesium in the blood. Magnesium was 
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supplied as the sulfate and incorporated in the diet to furnish either 0.015 or o.io 
per cent of magnesium. V arious potassium salts were added to the diets as indicated 
in table i . The calculated amounts of calcium and phosphorus in the diet as supplied 
by the salt mixture were 0.75 and 0.43 per cent, respectively. 

Growth. There was some mortality in some of the groups by the end of three 
weeks, therefore, the data on growth in table i for the rats on the various dietar}^ 
regimens are expressed on the average^ gain per week over a three-week period. 
Some of the groups were continued for a longer period but the relative differences 
in the rates of gain were not essentially different. 

!'•. Rats fed the basal diet containing 0.5S per cent potassium and 0.015 per cent 
magnesium made an average weekly gain of 30.2 grams which is significantly greater 
statistically than tlie average weekly gain of 1S.6 grams when the diet contained 5 


Table i. Toxicitv of potassium salts to rats 


DIETARY TREATMENT 

Potassium 

Magnesium 

NO. OF ANlUAtS' 

MORTALITY 

CAIN PER WEEKS 

%oSK 

salt 

rr 

/O 


% 

gm . 

0.58 

basal diet 

0.015 

24 

0 

30.2 

5. 00 

KHCOi 

0.015 

26 

0 

18.6’ 

5.00 

KHCOj 

0. 100 

17 

0 

21-5 

3-00 

K5CO1 

0.015 

9 

0 

20.0 

5.00 

K2CO, 

0.015 

8 

62 

6.1 

S -00 

KsCO., 

0.100 

18 

17 

10. 1 


'■ Number of animals at the beginning of the experiment. 

- Calculated for number of animals surviving at end of the j-week cxjjerimental period. 

® Fisher’s I value between average weekh- gain of 30.2 grams and 18.6 grams is 2.3, a significant 
difference. Difference in rate of gain between 18.6 grams and 21.5 grams is not significant. 


per cent of potassium as potassium bicarbonate. When the diet contained o.io 
per cent of magnesium and 5 per cent of potassium the average weekly gain was 21.5 
grams. 

The feeding of 3 per cent of potassium as potassium carbonate had a definite 
depressing effect on the rate of gain. The average weekly gain on a diet containing 
3 per cent of potassium as potassium carbonate was 20.0 grams as compared to a 
weekly gain of 6.1 grams when the level of potassium was increased to 5 per cent. 
At a 5 per cent level of -potassium and 0.015 per cent magnesium 62 per cent of the 
animals died before the end of three weeks. Increasing the magnesium content of 
the diet containing 5 per cent potassium as the carbonate from 0.015 cent to o.io 
per cent resulted in an increase in the average weekly gain of from 6.1 grams to lo.i 
grams and a decrease in the mortality of from 62 to 17 per cent. The toxicity of 
potassium as the carbonate was 62 per cent at the 5 per cent level while at the 3 per 
cent level there were no losses during the first three weeks. 

From these data it is apparent that levels of potassium of 5 per cent as the bi- 

^ oWr^duces 

g m of rats. Increasing the magnesium content of the high potassium diets from 
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0.015 cent to o.io tended to reduce the toxicity of potassium as measured by rate 
of gain in body weight and the mortaUty. 

Blood Magnesium. In a few instances rats on high levels of potassium and 0.015 
per cent of magnesium developed hyperemia which persisted for four or five days. 
The manifestations could not be differentiated from the hyperemia that characterizes 
a magnesium deficiency. The possibility existed tliat excessive levels of potassium 
might increase the dietary requirement for magnesium possibly through decreased 
absorption or increased excretion. To check this possibility the magnesium deter- 
minations were made on the whole blood of rats that had been on the various dietar}'- 
regimens. The magnesium content of the whole blood was determined colori- 
metrically (8). In some instances it was necessary to pool blood from two or more 
rats so as to obtain a sufficient amount for analysis. A representative number of 
animals on various dietarj'’ regimens was used for the determination of blood mag- 
nesium. 


Table 2. Effect of the level of potassium and magnesium in the diet on the 

MAGNESIUM LEVEL OF THE BLOOD 


DIETARY TREATMENT 

NO. OF ANIMALSl 

BLOOD MAGNESIUM 

Potassium 

Magnesium 

%0/A' 

Salt 

% 


mgm. % 

0.58 

basal diet 

0.015 

7 

2.4 

5.00 

KHCO3 

0.015 

15 

2-5 

S-oo 

KHCO3 

0.100 

if) 

3-0 

3-00 

K2CO3 

0.015 

8 

2.7 

5.00 

K2CO3 

0.100 

6 

3.1 


* Due to the small amount of blood obtained from some individual animals it was sometimes 
necessary to pool the blood from 2 or more animals. Consequently the figures in the column headed 
‘number of animals’ represent number of individual and/or pooled samples analj^zcd. 


The average magnesium content of the whole blood of the rats on the basal diet 
containing no extra potassium and 0.015 cent magnesium was 2.4 mg. per cent. 
Feeding a diet containing 5 per cent of potassium as the bicarbonate did not in- 
fluence the magnesium content of the blood since the level for the animals on this 
treatment was 2.5 mg. per cent. There was no essential difference in the mag- 
nesium content of the blood of rats receiving potassium as the bicarbonate or as the 
carbonate. The mortality of the rats, fed potassium carbonate at a level to provide 
5 per cent of potassium, was so high that there were insufficient animals remaining at 
the end of the three-week period, and the ones left were so small that it did not permit 
obtaining analytical data of interpretive value. It is of significance that the 
feeding of o.io per cent of magnesium in the high potassium diets did result in 
higher blood magnesium levels. 


SUMMARY 

The feeding of potassium bicarbonate at a level to furnish 5 per cent of potassium 
in the diet depressed the rate of growth of rats. Potassium carbonate added to the 
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diet at a level to furnish 3 per cent of potassium depressed the rate of gain approx- 
imately the same extent as did potassium bicarbonate at a level of 5 per cent of 
potassium. Five per cent of potassium as the carbonate resulted in a high mortality. 
Increasing the magnesium content of the high potassium diets reduced the mortality 
ljut did not significantly increase the rate of gain. 

Feeding high levels of potassium had no significant effect on the amount of 
magnesium in the blood. 
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TWO FRACTIONS OF SPECIFIC CHOLINESTERASE PRESENT 
IN HOMOGENIZED NORMAL MOUSE BRAIN^-’- 

J. MAXWELL LITTLE 

From the Department of Physiology and Pharmacology, The Bowman Gray School of Medicine 

of Wake Forest College 

AWNSTON-SALEM, NORTH CAROLINA 

I T HAS been reported (1-4) that the chohnesterase activity of brain is due 
predominantly, if not solely, to the presence of a specific enzyme, in contrast 
to the additional presence of a non-specific enzyme in other tissues. In the 
course of some measurements of the cholinesterase activity of mouse brain homog- 
enized in a salt solution it was noted that the activity of the supernatant fluid 
obtained by centrifuging was considerabty less than the activity of the uncentrifuged 
homogenate. 

The factors controlling the distribution of the cholinesterase activity of mouse 
brain between the precipitate and the supernatant fluid have been investigated. 
Some chemical and physical properties of the two fractions have also been studied, 
in order to determine wherein the two fractions differ. 

PROCEDURE 

Normal white mice were killed with chloroform, and the brains were removed as quickly as 
possible after death. The brains were washed with 0.9 per cent NaCl solution, blotted on filter paper 
and weighed on a torsion spring balance, after which they were transferred to a Potter all-glass homog- 
enizer. Five cc. of the homogenizing medium was added, and after homogenization the apparatus 
was washed repeatedly with the medium, the washings being added to the original homogenate. The 
homogenates were equivalent to a 1 to 2 per cent brain suspension. 

The determinations of the cholinesterase activity of the preparations were done in the Warburg 
apparatus at 37°C. and in an atmosphere of 5 per cent CO2 - 95 per cent N2. The main compartment 
of the vessel contained 2 cc. of the enzyme preparations plus 0.8 cc. of an appropriate salt solution 
which varied according to the composition of the homogenate; the side arm contained 0.2 cc. of the 
substrate. The final concentrations of salts after tipping the vessels Usually were: NaCl 0.15 M, 
MgCl2 0.04 M, and NaHCOj 0.025 M. The substrate was usually acet3dcholine chloride in a final 
concentration of 0.015 M. 

The precipitate, obtained bj’’ centrifugation (for 20 minutes with a ‘g’ value between 900 and 
2000) and decantation, was transferred to the homogenizer and resuspended by homogenizing again 
in the appropriate medium. The volume of the resuspended precipitate homogenate was equal to 
that of the original uncentrifuged homogenate. 

The results are e.vpressed as mgm. substrate hydrolj'zed per 100 mgm. fresh tissue per hour 

(Qa-ch.). 

RESULTS 

Distribution of cholinesterase activity in a ‘dilute’ biiffer ho77iogenate. The results 
are given in table i. The brain was homogenized in the buffer and the supernatant 

Received for publication May 12, T94S. 
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fluid and precipitate were separated by centrifuging. It will be seen that approxi- 
mately 83 per cent of the total activity was present in the precipitate. 

Distribudou- of cboliiicslcrase hi o- distilled water hoviogcnatc. The results are 
given in table r. The brain was homogenized in distilled water, and the homogenate 


Table i. Partition of ciiolin-esterase ACTwm- in ‘dilute’ buffer and distilled water 

homogenates' 


EXP. NO. 

BUFFER HOMOGENATE 

WATER nOilOCENATF. 

Total homogenate 
QA.Ch. 

Supernatant 

activity 

Precipitate activity 

Total homogenate j 
QA.Ch. j 

Supernatant 

activity 



r* 

/o 

% 


% 

I 

8.71 

15-8 

85-9 

8. 10 

86.7 


8.64 

17-3 

Si. 8 

8. 75 

87.3 

3 

g.oo 

23-3 

70.6 

8. 85 

88.9 

4 

9-43 

15-2 

79.2 

9-13 

92.7 

5 

8.38 

16.5 

87.5 

9-57 

89.2 

6 

S.48 

16. 2 

84-3 

8.60 

92.4 

7 

9.01 

iS-o 

85. 2 

8.67 

89.7 

8 

8-39 

ig.o 

87.5 

6.68 

87. 4 

9 

9.06 

iS -4 

82.5 

11.25 

95-1 

10 

9 . II 

14-5 

84-7 



Mean 

8.82 

16. 8 

$2. 9 

8.84 

89.8 


' ‘Dilute’ buffer conceritratiou: NaCl 0.15 M, MgCh, 0.04 M, NaHCOj 0.025 M; sulistrate: 
acetylcholine chloride 0015 M in ‘dilute’ buffer. 



Fig. I. Effect of changes in NaCl molarity and pH on the distribution of cholinesterase, 
_y__) supernatant fluid; P , re-homogenized precipitate. 

was centrifuged. ^ The supernatant was decanted. The final desired concentration 
of salts was obtained by adding to the Warburg vessels o .8 cc. of ‘medium’ buffer 
(NaCl 0.525 M, MgCh 0.14 M, NaHCOa 0.0875 M). It will be seen that approxi- 
mately 90 per cent of the total activity was present in the supernatant fluid. 

ESeci of changing the pH and the NaCl molarity on (he cholinesterase distribution. 
the results are given m figure r. A water homogenate was prepared, and the NaCl 




438 


J. MAXWELL LITTLE 


Volume 152 


concentration of aliquots of the original homogenate was varied by the addition of 
appropriate NaCl solutions. An aliquot of the original homogenate was also diluted 
by the addition of an equivalent volume of distilled water. The homogenates were 
centrifuged, and the cholinesterase activities of the supernatant fluids and re-homog- 
enized precipitates were determined. It will be seen that 90 per cent of the total 
water homogenate activitj’’ was present in the supernatant fluid, but that as the 
NaCl concentration was increased the enzyme activity of the supernatant fluid 
decreased and remained relatively constant over a wide range of NaCl concentration. 
The maximum decrease in the enzyme activity of the supernatant fluid was reached 
with an NaCl concentration of 0.075 As the enzyme activitj^ of the supernatant 



Fig. 2. AcTiviTy OF the 
CHOLINESTERASE FRACTIONS deter- 
mined at various pH values (3 ex- 
periments). A distilled water ho- 
mogenate was adjusted to o.i5^M 
with NaCl before centrifuging. 

- - - supernatant fluid; 

re-homogenized precipitate. 


fluid decreased, the cholinesterase activity of the precipitate increased an equivalent 
amount. 

When the pH of a water homogenate was varied between 7.5 and 10 by the 
addition of o.i N NaOH (0.05-0.2 cc. per 12 cc. of homogenate) the enz3’^me activity 
of both tlie supernatant fluid and tlie precipitate decreased slightly, but there was 
no change in the distribution of cholinesterase. 

When the pH of a 0.15 M NaCl homogenate was varied between 7.5 and 10, 
in the same manner as above, the cholinesterase activit}'’ of the precipitate was in- 
creased from 59 per cent of the total activit}’’ to 84 per cent, while the activity of the 
supernatant fluid was decreased from an original value of 41 per cent to a value of 
15 per cent. 

E/ffecl of pH upon Ihc activity of the cholinesterase fractions. The results are 
given in figure 2. Distilled water homogenates were prepared and NaCl was added 
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until the increment of concentration was 0.15 M. Tlic two fractions were separated 
b}^ centrifuging, and the activities were determined. The pH of the reaction mixture 
was varied by adjusting the NaHCOs concentrations, keeping the PCO2 constant. 
It will be seen that the patterns of enzyme activitj’- were quite similar for the super- 
natant fluid and the precipitate. The optimum pii was approximatel}'^ 7.5. 

Aclivily pallcnis of the cholinesterase fractions t 07 vards various substrates^. The 
results are given in figure 3. It will be seen that there was no significant difference 
between the activity patterns of a 'dilute’ buffer homogenate, the supernatant fluid, 
and the precipitate derived from it (A). This is the activity pattern reported by 
Nachmansohn and Rothenberg (3) for specific cholinesterase. 

When the supernatant fluid from a water homogenate, which was adjusted to 
0.075 M with NaCl before centrifuging, was concentrated several times by vacuum 



Fig. 3- Activity pattern of the cholinesterase fractions witli various substrates U 
Fomogenate, ■ supernatant fluid, □ re-homogenized precipitate. A, 'dilute' buflicr 
concentration 0.015 M. B, C, D, distilled n-ater homogenate aStted to 

"-P’'°P*°"y>choline, 3-butyrylcho1ine,' 4--benVlcholine 


^ significantly from the corresponding precipitate 

at three levels of substrate concentration (B, C, D). It will be seen, however ^ 

thesuV^tmte™^^^^^^^ considerably depending ’upon 

^‘■pon the activities of the cholinesterase fractions The results 

by :rr" weSoVtii 

centrifuging 4 l„te' blr ^ ^“0 °r by 

in a constant temperature water bath at' 50” 54" and 6 o»C Z 

pW by Br. E.°L. Sevringhaus rf “P' 
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there was some decrease in the enzymic activities of both fractions, but it is question- 
able if there is a significant difference between the two. At 54°C. there was a de- 
creased activity in both fractions, but the activity of the precipitate decreased 
considerably more than the supernatant fluid activity. 



Fig. 4. Effect of heating on the 
activities of the cholinesterase fractions from 
dilute buffer and distilled water homogenate 
adjusted to 0.15 M with NaCl. - - - - su- 
pernatant fluid, re-homogenized pre- 

cipitate. 


DISCUSSION • 

It was drought that the difference in the distribution of cholinesterase between 
the ‘dilute’ buffer homogenate and the distilled water homogenate might be explained 
by the presence of intra- and extra-cellular fractions of the enzyme with incomplete 
cell disruption, and therefore precipitation on centrifuging the isotonic buffer homog- 
enate. However, it was found that when a ‘dilute’ buffer homogenate was sub- 
jected to alternate freezing with CO2 ice and thawing or when the homogenate was 
prepared by grinding with alundum, two procedures which should complete cell 
disruption, there was no change in the enzyme distribution. It was concluded that 
the distribution difference did not depend upon the presence of intact cells. 

The two most obvious differences in the composition of the two types of homog- 
enates were the NaCl concentration and the pH. The pH of the ‘dilute’ buffer 
homogenate had an average value of 8.5, while the average pH value of the distilled 
water homogenates was 6.8. Upon varying the NaCl concentration of a water 
homogenate, it was found that the distribution of the enzyme fractions was changed, 
but the distribution was not quite equivalent to that found in the buffer homogenate. 
When tlie pH of a water homogenate was varied alone, there was no change in the 
distribution of the enzyme, but apparently there was some slight enzyme inactivation 
in both the supernatant fluid and precipitate fractions. However, when the pH of 
a 0.15 M NaCl homogenate was varied, it was found that the distribution of the 
enz3ane was equivalent to that found in a buffer homogenate. It is concluded that 
basically the distribution is dependent upon the NaCl concentration, but that varying 
the pH of the medium has an additional effect. 
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Mendel and Rudney (i) reported that when mouse brain was ground and sus- 
pended in about 5 volumes of distilled water and centrifuged, the precipitate con- 
tamed the cholinesterase. These results appear to be at variance with tlie results 
reported here. However, their preparation was a 20 per cent suspension while our 
preparation was a i to 2 per cent suspension, and it can be calculated that the NaCl 
concentration in their distilled water preparation was approximately 0.03 M while 
ours was approximately 0.003 M, assuming a tissue concentration of 0.15 M NaCl. 



Fig. 5. Relationship between log — and i. A, initial unheated activity; A', activity at 

t time. supernatant fluid; re-homogenized precipitate. 

Fig. 6. Relationship between - and t. c, percentage of unheated activity at t time. — - - 

c 

supernatant fluid; re-homogenized precipitate. 


It will be seen from figure i that the maximum precipitation occurred at a NaCl 
concentration' between 0.03 and 0.075 M, and that at 0.03 M NaCl 35 per cent of 
the activity was found in the precipitate. It appears that the effect of NaCl con- 
centration bn the enzyme distribution is quite critical in this range of concentration, 
and it may be that this fact will explain the apparent discrepancy between our 
observations and those of Mendel and Rudney. 

There was no difference in the activity pattern of the two fractions of cholines- 
terase against the various substrates. There was some doubt that the true activity 
against butyrylcholine, benzoylcholine, and ethyl butyrate could be determined in 
the supernatant fluid from a ‘dilute’ buffer homogenate (fig. 3A), because the average 
Qa-ch was 1.6. For this reason, the supernatant fluid was concentrated several 





442 


J. MAXWELL LITTLE 


Volume 153 


times (fig. 3B), and the activity against the above three substrates was found to be 
zero. It is of interest that the activities of the two enzymes towards acetyl-/S-methyI- 
choline relative to the activity towards acetylcholine are quite dependent upon the 
substrate concentration (fig. 3B, C, D), although this does not appear to.be the 
case with propionylcholine (fig. 3A, D). 

In addition to the effects of the NaCl concentration and pH upon the enzyme 
distribution, the only other difference found between the two cholinesterase fractions 
was their heat labilities. 

In order to determine whether the heat inactivation of the t\vo fractions of the 
enzyme followed any known reaction order, the data were plotted according to the 


following two methods. 


a) 


Using the formula k = - log 


A" 


where A is the initial unheated activity (100 per cent) and A' is the relative activity 

A' 

at / time, if one plots the log against t, as in figure 5, it will be seen that none of 

Pi. 


the relationships give a straight line function, which is contrary to what would be 
expected if the inactivation were a first order reaction, b) However, plotting the 
reciprocal of the activity at t time against t does give a straight line function for the 
precipitate at S4°C. (fig. 6). This is the relationship that would be expected of a 
second order reaction. Assuming that these expressions of activity are adequate, 
it would appear that the heat inactivation of the enzyme in the precipitate may be a 
second order reaction. 

The fractional distribution of the cholmesterase activity in homogenized mouse 
brain reported here may be interpreted as indicating the presence of two distinct 
specific enzymes, the presence of two degrees of aggregation of the same enzyme, or 
a difference in the adsorption of the enzyme on some other molecule. Although 
the heat lability studies may favor the presence of two distinct specific enzymes in 
the homogenate, it is believed that the available data are inconclusive in differ- 
entiating between the above three possibilities. 


SUMMARY 

It has been shown that in homogenized mouse brain the specific cholinesterase 
activity can be separated by centrifugation of the homogenate into two fractions. 
One of these fractions is precipitated maximally from a distilled water homogenate 
when the concentration of NaCl is adjusted to 0.075 Increasing the pH of a 
NaCl homogenate up to pH 7. 5-8.0 causes a further precipitation of this fraction. 

The distribution of the activity in the precipitate and supernatant fluid fractions 
is not dependent upon the presence of intact cells, and therefore cannot be due to 
the presence of intra- and extra-cellular fractions. The activities of the two fractions, 
have the same pH optima; and there is no difference in the relative activities of the 
two fractions towards acetyl-|8-methylcholine, proprionylcholine, butyrylcholine, 
benzoylcholine and ethyl butyrate. Upon heating at 54°C., the precipitated fraction 
is considerably more heat labile than the supernatant fraction. It appears that the 
heat inactivation of the precipitated fraction is a second order reaction. 
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NONEXCRETION OF JAUNDICE-SERUM ALKALINE 
PHOSPHATASE IN BILE OF NORMAL DOGS 

A. CANTAROW AND L. L. MILLER' 

From the Department of Biochemistry, Jc^fferson Medical College 
PHILADELPHIA, PENNSYLVANIA 

T here is no unanimity of opinion regarding the origin of the increased 
alkaline phosphatase of the blood serum in obstructive jaundice. A large 
number of studies of various t3T)es have yielded data that have been inter- 
preted as indicating that it originates a) entirely in the skeleton, or F) partly in the 
liver. The prevailing view is that, whatever its origin may be, the increase in serum 
alkaline phosphatase activity that follows biliary obstruction is due to blocking of its 
normal excretory channel, i.e., the bile duct system. 

Freeman and Chen (i) transfused normal dogs with blood of high phosphatase 
activity, obtained from dogs lo to 15 days after ligation of the common duct. The 
increased phosphatase activity in the blood of the recipients persisted for several 
days, falling to normal levels only after 5 to 7 days. The authors interpreted this 
slow disappearance of injected phosphatase as indicating either that most of the nor- 
mal phosphatase of bile does not come from the plasma or that the phosphatase in 
jaundiced blood is bound to some substance which retards its excretion by the hepatic 
cells. The present study was undertaken for the purpose of determining whether an 
excess of circulating phosphatase of tliis nature (obstructive jaundice) can be e.x- 
creted in the bile of dogs with normally functioning Uvers.’ 

METHODS 

Heparinized plasma obtained from 3 dogs 10 days after cholecystectomy and liga- 
tion of the common bile duct was injected intravenously (in 15 minutes) in three 
trained Thomas-type duodenal fistula dogs (2, 3) in quantities of about 10 per cent of 
the estimated blood volume, the e.xact amounts being indicated in table i. No unto- 
ward reactions were observed. Bromsulfalein excretion tests (4) yielded normal 
results 24 hours before and 72 hours after the plasma transfusion in dogs 2 and 
this test was not performed in dog i. 

Bile was collected by direct cannulation of the orifice of the common duct through 
the duodenal fistula (4) in i-hour samples, from i hour before to 4 hours after begin- 
ning the plasma infusion. In dogs 2 and j, additional one-hour bile samples were 
collected during the periods 24 to 25 hours and 48 to 49 hours after the plasma infu- 
sion. Specimens of blood were obtained before, and i, 2, 3, 4, 24 and 48 hours after 
commencing the infusion. Alkaline phosphatase activitj'' was determined in the se- 
rum and bile specimens and in the infused plasma by the method of Bodansky (5). 

Received for publication June 3, 1948. 
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RESULTS AND DISCUSSION 


The pertinent data are presented in table i. 

The persistent elevation of serum phosphatase activity m the recipient dogs is in 
agreement with the findings of Freeman and Chen (i). It is of interest that the 
degree of elevation in each instance was greater than can be accounted for by the 
phosphatase activity of the injected plasma. This observation is in accord with re- 
ports by Thannhauser el al (6) and Cantarow (7) that normal serum phosphatase is 
‘activated’ by addition in vitro of serum of high phosphatase activity (obstructive 
jaundice and Paget’s disease). 

During the first hour after infusion of the plasma, the concentration of phospha- 
tase in the bile rose from the control levels of 17 to 22 units to no to 191 units per 100 
ml., falling during the second hour to 38 to 46 units, the latter levels being maintained 


Table i . .Alkaline phosphatase activity (bod-vnsky units) yv blood and bile before and after 

INTRAVENOUS INFUSION OF PLASMA OF HIGH PHOSPHATASE ACTIVITY 


15 kgm. 




BLOOD SERUM 


BILK 

AMOUNT 


Hours after starting injection 


Hours after starting injection 

injected 






■ 




— I 










I 

2 

3 

B 

24 

48 


to 

0 

I 

2 

3 

4 

24-35 

48-49 










ml. 

1.2 

1. 1 

1.6 

O.J 

T .7 



144 ml. 

Units/ioo 

1 .6 



42.9 

41.4 

23.8 

i8.g 

Total 

0.2 

2.1 

0.6 

0.2 

0.6 



(225 V) 

ml. 








units 

















ml. 

2.3 

2.1 

1^3 

1.4 

0.8 

t.2 

1.6 

110 ml. 

Units/ioo 

3-4 

42.8 

40.6 

40.2 

40-4 

2S.3 

20.6 

Total 

0.4 

2.3 

0.6 

o.s 

0.4 

0.6 

o.s 

(is6 V) 

ml. 








units 

















ml. 

1.8 

2.4 

1. 8 

1.6 

t,2 

1.6 

1.7 


Units/ioo 

2.1 

34‘3 

33-<)l 34-4 

34-0 

20.3 

16.4 

Total 

0.4 

3-4 

0.7 

0.6 

o-S 

o.s 

0-5 


ml. 








units 









2 

12 kgm. 


3 

16 kgm. 


in subsequent observations (29 to 50 units per 100 ml.). Despite this increase in con- 
centration, the increase in quantity of phosphatase excreted in the bile during the 
experimental period was comparatively insignificant (table i). These observations 
indicate that alkaline phosphatase of the type that accumulates in the blood in ob- 


structive jaundice is not removed from the blood for biliary excretion by a normally 
functioning liver in significant amounts. It is interesting that the rate of disappear- 
ance of this enzyme from the blood is similar to that of isotopically labelled plasma 
protein fractions injected into normal dogs. 

These data appear to render untenable the view, originally proposed by Arm- 
strong and Banting (8), that the increased serum phosphatase in obstructive jaundice 
onpnates in the bones and that its accumulation in the blood in this condition is due 
to mterference with its normal excretion in the bile. If this enzyme were of extra- 
hepatic origin, one would anticipate its excretion by a normal liver at a rate parallel- 
mg the rapidity with which it increases in the blood following biliary obstruction 
By exclusion, ^ese findmgs support the hypothesis that the increased serum alkaline 
phosphatase of obstructive jaundice arises by regurgitation from liver cells and/or 
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bile duct epithelium. Although histologic evidence suggests that it is capable of 
producing large quantities of alkaline phosphatase, the normal liver appears to be 
incapable of removing it from the blood in significant amounts. 

SXJMMARY 

Blood plasma with high alkaline phosphatase activity, obtained from dogs with 
common bile duct obstruction, was injected intravenously in three dogs with Thomas- 
type duodenal fistulas. The serum phosphatase remained at a high level in the 
recipient dogs for at least 48 hours and very little of the infused phosphatase was 
excreted in the bile. These data indicate that a normally functioning liver does not 
actively remove phosphatase of this tjqje from the blood and, therefore, contradict 
the h}qDOthesis that it originates in extrahepatic tissues. 
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INHIBITION BY HISTAMINASE OF GASTRIC 
SECRETION IN DOGS 

M. I. GROSSMAN and C. R. ROBERTSON 
From the Dcpartmciil of Clinical Science, University of Illinois College of Medicine 

ailCAGO, IDLTNOIS 

S INCE shortly after the discovery of histaminase by Best (i) in 1929, attempts 
have been made to counteract the action of administered or endogenously- 
formed histamine in man and animals by the concurrent administration of 
histaminase preparations. From the many studies in this field no unequivocal evi- 
dence indicating that tlie administration of histaminase preparations counteracts the 
pharmacological actions of histamine has emerged. 

Several studies of the effect of histaminase preparations on histamine-stimulated 
gastric secretion in dogs have been made. All (2-4) except the most recent investiga- 
tors, Rosterfer and Laskowski (5), failed to note any depression of the secretory re- 
sponse by the histaminase preparations which they used, even when these were given 
intravenously. Even in the case of the latter workers the depression of secretion 
could not be attributed to the histaminase in their preparations. 

Laskowski (5) prepared a histaminase extract from hog kidneys which was con- 
siderably more potent than those used by previous workers. This material was -used 
in the experiments of Rosterfer and Laskowski (5), who observed marked depression 
of the gastric acid secretion in response to histamine in Heidenhain ])ouch dogs. 
However, the material which they used produced severe toxic reactions in the dogs 
consisting of trembling of the extremities, coldness, ischemia of the gastric mucosa, 
vomiting and defecation. Since injection of a dose of this material in which almost 
all of the histaminase activity had been destroyed by exposure to acid reproduced 
tliese same toxic symptoms as well as the depression of the gastric response to hista- 
mine, the authors were unable to conclude that the inhibition of secretion was due to 
the histaminase activity of tlie preparation. 

Recently a potent histaminase preparation^ of low toxicity became available to 
us. Our studies of its effect on gastric secretion form the subject of this report. 

Eislaminasc P owder . The histaminase preparation used in these studies is made from iiog 
kidney. It is a light tan lyophilized powder containing approximately 40 per cent protein. The 
histaminase potency as measured by the Warburg manomctric technique (6) is about 0.05 u/mgm, 
of dry powder for the average batch. Laskowski et at. (6) have defined this unit as the amount of 
enzyme which under the ejqierimental conditions (total volume of liquid 3 ml., i mgm. histamine 
dihydrochloride, pii 7.2, 38° C., air) will utilize i ;il. of oxygen per minute, roughly corresponding to 
the destruction of i mgm. of histamine dihydrochloride per hour. The old VVinthrop unit of hista- 
minase IS therefore about 1/24* as large as the present unit. Since the old Winthrop Torantil 
preparation s contained about one Winthrop unit per 15 milligrams of powder or 0.0028 Warburg 
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v/mgm., the preparation used in the present stud}'- is about 20 times as potent. Inasmuch as Jess 
than half of the dry -(veight of this new material is protein (the remainder consisting mainly of phos- 
phate buffer and sucrose), this ratio of relative potency on the basis of protein content would be more 
nearly 40 to i. 

Toxicity data supplied to us by the Sterling-Winthrop Research Institute indicate that no acute 
toxic manifestations occurred when as much as 5000 u/kgm. of body weight was injected intra- 
venously in mice. 


PROCEDURE -AND RESULTS 

Effect on Hislamine-Siiimdated Gastric Secretion. Eight dogs with vagotomized 
pouches of th.e entire stomach were used. Histamine dihydrochloride in a dose of 
0.0125 tngm, was injected subcutaneously every 10 minutes during the entire course 
of the experiment (5 to 7 hours). Gastric juice samples were collected, measured 
and titrated every 20 minutes. , After one to two hours the gastric secretory response 
attains a relatively fixed level and maintains this level for many hours unless some 
inhibitory influence is interposed. This is illustrated by the control experiments in 


500 UNITS HISTAMINASE i-v 



Fig. I. Average secretory re- 
sponse of dogs with pouches of entire 
stomach to histamine alone and to his- 
taminase plus histamine. 


which only histamine was given during the entire course of the experiment in 10 tests 
on 7 dogs (fig-, i). In 18 other tests on 8 dogs 500 units- of histaminase was injected 
intravenously when the secretory rate had become stabilized (220 minutes after 
begirming the injections of histamine every 10 minutes). A marked depression of 
acid secretion ensued, the maximal effect usually occurring about 40 minutes after 
the injection. At the height of the effect the average inhibition was 95 per cent of 
the prehistaminase control level. In many instances free acid was absent from the 
gastric juice for a period of several hours. Three hours after the injection, on the 
average, the inhibition still was greater than 60 per cent. In the tests in which the 
observations were continued until the secretory response returned to the control 
level, this was usually found to require from 3 to 8 hours. 

In 4 tests on 4 dogs 15 u/kgm. body weight of histaminase failed to produce in- 
hibition, whereas in 4 other tests in which 25 u/kgm. was injected inhibition occurred 
in every dog, the average maximal inhibition amounting to 90 per cent. This indi- 


®A 1 I doses are given in Win throp 'units. 
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cates that the minimal efiective dose for the inhibition of a histamine stimulus of the 
size used in these experiments (0.0125 mgm. histamine diliydrochloride every 10 
minutes) is about 20 xj/kgm. 

Efcct on Other Siimdi For Gastric Secretion. The effect of Instammase upon the 
response to stimuli other tlian administered histamine has also been studied. The 
same dogs with poudies of the entire stomach were used and the plan of the experi- 
ment was the same except that the parasympathomimetic drugs acetyl beta-methyl- 
choline (Mecliolyl) and carbamoyl beta-metliylcholine (Urecholine) in a dose of o.i 
mgm. subcutaneously every 10 minutes were substituted for the histamine stimulus. 
Three tests on 3 dogs were performed using Mccholyl and three tests on 3 dogs with 
Urecholine. Inliibition was produced by 500 units of histaminase intravenously in 
every test. The average results appear graphically in figure 2. 


ao 

Fig. 2. EfPECT OFlllSTAiUNASEOnthc “ 
gastric secretory response to parasympatho- 
mimetic drugs Urecholine and Mccholyl in 5 
dogs with pouches of entire stomach. 8,5 



ui 


*>00 UNITS 
WSTAUIKASCIV 



The effect of histaminase on the gastric secretory response to a meal was tested 
in a Pavlov pouch dog. In two control experiments 92.1 and 47.9 mgm. of free HCl 
were secreted in the 3'hour period following a 1 50-gram meal of ground horse meat. 
In three similar experiments 500 units of histaminase was given intravenously im- 
mediately after feeding the meat; the output of free HCl in these experiments was 
S.r, T4.9 and 5.3 mgm. for the 3-hour test period. 

H eat Stability. When a solution containing 100 mgm. of histaminase powder per 
cc. of 0.9 per cent sodium chloride solution is heated in a water bath to 60° C. for five 
minutes, a heavy flocculent precipitate forms. The supernatant' fluid separated by 
centrifugation still possesses gastric secretory depressant activity. The results of 
three tests on 3 dogs in which this heat-fractionated supernatant was used appear in 
figure 3. It will be noted that the inhibition of gastric secretion produced' by this 
heat-fractionated supernatant is essentially the same as that produced by the original 
material. The supernatant of the heat-fractionation process can be dried by lyo- 
phflization and then redissolved before use. Due to technical difficulties in 
lyophihzation some of our batches of heat-fractionated histaminase were inactivated 
during drying. ^ It is interesting to note that those batches which were devoid of his- 
taminase activity were also ineffective in depressing gastric secretion. This correla- 
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tion between loss of histaminase activity and loss of gastric secretory depressant ac- 
tivity is revealed by the data in table i. 

Heating of the histaminase solutions in a boiling water bath for one minute re- 
sults in complete destruction of both the histaminase activity and the gastric secre- 
tor}’- depressant activity (fig. 3). 

T oxicity. General toxicity is minimal. The material as supplied to us produces 
slight retching and vomiting when given intravenously in doses of 50 u/kgm. This 
occurs within one or two minutes after completing the injection and then subsides in 


500 UNITS 

BOILED HISTAMINASE I-V 



Fig. 3. Effect of exposure of 
histaminase solution, to a temperature 
of 60° C. (heat-fractionated) and 100° 
C. (boiled) for 5 minutes on its inhib- 
itory action on gastric secretion. 


Table i. Histaminase activity and gastric secretory depressant activity of 

VARIOUS LOTS OF HEAT-PURIFIED HISTAMINASE 


LOT NO. 

POTENCV OF STARTING MATERIAL 

POTENCY OF HEAT-PURIFIED 
LYOPHILIZED HISTAiTtNASE 

GASTRIC SECRETORY DEPRESSANT 
ACTION (3 TESTS ON 3 DOGS) 


U'arburg V per mgm. 


I 

0.028 

0 

0 

2 

0.028 

0 

0 

3 

0.02S 

o.oip 

+ 

4 

0.028 

0.028 

-f 

s 

o.os 

0.030 

-1- 

6 

0.05 

0.030 

+ 

7 

o.os 

0 

0 


another one or two minutes. Injection of the supernatant of the thermal fractiona- 
tion at 6o°C. (see above) produces no retching, vomiting or any other obvious side 
effect. This indicates that the retching and vomiting are not due to the histaminase 
and that the depression of gastric secretion is not due to the retching and vomiting. 

Intramuscular injection of the histaminase solution results in necrosis of the 
tissues in dogs and rabbits. 

Ejffecl on Blood Pressure. The original material contains a potent vasopressor 
substance. Figure 4 is a record of the vasopressor response of a cat to 50 units of 
histaminase given intravenously. The supernatant of the thermal fractionation pro- 
cedure usually produces a slight depressor response (fig. 4). Inasmuch as this his- 
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taminase product is prepared from renal cortex, it is probable that the vasopressor 
substance is renin. 

In die anesthetized dog or cat, treatment with 100 u/kgm. of hislaminasc does 
not decrease the depressor response to minimally effective doses of histamine (10 ex- 
periments on dogs, 3 on cats). Larger doses of histaminase (looo u/kgm.) definitely 
inhibit the vasodepressor action of liistamine in cats (7). 

Antigcnicily. Both the original material and the heat-purified product arc 
strongly antigenic. Table 2 is the protocol of an e.xperiment on the production of 
anaphylaxis in guinea pigs using the lieat fractionated material. 



t 

30 o'litA 


/ 




30 


Y — 

30 


Fig. 4. ErrECT or msTAiuNASE on blood pressure of an ancstlictized cat. Heat purified his 
taminase is the supernatant of a solution exposed to 60° C. for 5 minutes. 


Table 2. .Antigenicity or iiEAT-FRACTioNATEn histaminase 


GUINEA. PIG 

WT. 

SENSITIZING DOSE 

1 1 

^ SnOCKXNC DOSE ! 

j 

RESULT 


j 

u 

cc. ! 

^ i 

; CC. ^ 


I 

45 <j 

100 1 

I 1 

100 ; 

, I i 

1 .Anaiihylactic death 

2 

564 

100 

I 1 

100 

I 

K tl 

3 

492 

' 100 

1 ^ ' 

too 

I I 

1 

it ft 

4 

512 

100 

I ! 

100 

I 

t( tt 

5 

548 

1 too 

I ! 

100 

I 

(( (( 

6 

502 ! 

None (control) 

100 

I 

No reaction 

7 

468 

j None (control) 

100 

I 

U It 


The sensitizing dose was administered subcutaneously and repeated 3 times at 2-day intervals 
The shocking dose was given intravenously into the exposed jugular vein 3 weeks after thelast 
sensitizing dose. 


DISCUSSION 

The statement has frequently been made that histaminase could not be expected 
to be active in vivo because it acts so slowly. The speed witli wliich an enzyme acts, 
i.e., the amount of substrate it destroys per unit time, depends, among other things, 
upon the concentration of the enzyme. Therefore the ‘slowness’ of action of the 
earlier preparations was essentially a reflection of their poor state of purification or 
low activity per unit weight of material. 

We found that about 20 u/kgm. histaminase was required to counteract the stim- 
ulating action of 0.0125 mgm. of histamine dihydrochloride given every 10 minutes. 
In a dog weighing 10 kgm. the total dose of histaminase would be 200 units, an amount 
of enzyme capable of destroying in vitro 200 mgm. of histamine dihydrochloride in 
24 hours or 8.3 mgm. per hour. Since the histamine dihydrochloride was actually 
being administered at a rate of 0.075 mgm. per hour, the efficiency of tlie histaminase 
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in vivo was only 


0-075 
8.3 ’ 


or less than one hundredth of its in wVro potency. 


This calcula- 


tion is based upon the assumption that all of the histamine administered is being 
destroyed, and if all of it is not being destroyed the efficiency ratio would be even 
lower. 

A number of investigators (13) have found that a marked rise in the histaminoly- 
tic power of the blood occurs during pregnancy in human- beings. During the second 
trimester one ml. of serum of a pregnant woman will, on the average, destroy 5 micro- 
grams of histamine base per hour, which is equivalent to 0.2 Winthrop u/ml. 
We have not yet determined whether the histaminolytic power of the blood serum is 
raised by injection of the histaminase preparation we have used. However, if we 
assume that all of the injected histaminase remains active and that it is distributed 
only in the blood plasma, then a dose of 20 Winthrop u/kgm. (the minimal effective 
dose for inhibition of gastric secretion) would produce a serum level of about 0.4 
u/ml. Little is known about the physiological significance of the rise in blood his- 
taminase during pregnancy, but it is of interest to speculate on its possible relation- 
ship to the depression of gastric acid secretion (14) and the remission of peptic ulcer 
symptoms (15) which are known to occur during pregnancy. 

The parietal cell is probably more sensitive to stimulation by histamine than 
any other body cell. We (8) have recently determined the threshold dose for stimula- 
tion of gastric secretion in the unanesthetized dog and found an average value of 
0.05 micrograms of histamine base per kgm. per minute. The threshold for vaso- 
depressor effects in anesthetized cats and dogs has been found to be about 0.3 micro- 
grams of histamine base per kgm. per minute (9), or six times as great as the threshold 
for gastric secretion. 

The most important question which arises in regard to this work is whether the 
gastric secretory depressant activity is due to the histaminase or to some other con- 
stituent of the extract. The most important piece of evidence now available on this 
question is the parallelism between the heat stability of the histaminase activity 
and that of the gastric secretory depressant activity. This indicates that the histam- 
inase factor and the secretory depressant factor have the same degree of thermal 
stability, but it does not prove that they are identical. Such an identification will be 
furthered by purification of the extracts and demonstration that the histaminase and 
secretory depressant activities are enriched to an equal degree. The final proof of 
their identity or lack of identity will await the isolation of the substance (or 
substances) in chemically pure form. Studies on the specificity of histaminase for 
counteracting the effects of histamine in vivo in organs other than the stomach should 
also give important evidence on this question. In vilro studies on the ability of this 
kidney extract to destroy pharmacological stimuli other than histamine, for example, 
acetylcholine, would be of interest. 

If subsequent work does prove that the gastric secretory depressant in these ex- 
tracts is indeed histaminase, then the fact that these extracts counteract the gastric 
secretory response not only to histamine but to food and to other drugs as well will 
constitute strong evidence in favor of the view that histamine may be a final common 
local excitant for gastric acid secretion produced by any type of stimulus. This role 
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for histamine has been suggested by several workers (10-12) in this field. This hy- 
pothesis is based mainly on the fact that histamine is usually present in the gastric 
juice itself, regardless of what stimulus is used to provoke the secretion. The results 
of the present study are suggestive but cannot yet be construed as evidence in favor 
of this hypotliesis, because, as was pointed out above, we cannot be sure that the 
gastric secretory inhibition was due to the histaminase. 

SUMMARY 

A preparation of histaminase made from hog renal cortex and containing about 
1.2 Winthrop units of histaminase per mgm. of drj' powder has been tested for its 
gastric secretory depressant action. Twenty u/kgm. body weight given intrave- 
nously markedly inhibits the gastric secretory response to 0.0125 mgm, of histamine 
dihydrochloride given subcutaneously every 10 minutes in dogs with pouches of the 
entire stomach. No toxic side reactions occur. The secretorj-^ response to food and 
to parasympathomimetic drugs is also inhibited by this histaminase preparation, 

A decision cannot yet be made as to whether the inhibition of gastricjsecretion 
is due to the histaminase or to some other constituent of these extracts. 
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UROPEPSIN OUTPUT IN CATS TREATED WITH 
CAFFEINE AND HISTAIMINE 

GLADYS R. BUCHERI and ARTHUR ANDERSON 
Department of Biochemistry, Vanderbilt University 

NASHVILLE, TENNESSEE 

I T IS known that a functioning gastric mucosa is necessary for the presence in 
urine of a pepsin-like enzyme, uropepsin. After surgical destruction of the gas- 
tric mucosa in the dog (i), or total gastrectomy in the dog (2), cat (3), rat (4) and 
the human (5), the uropepsin rapidly disappears from the urine in from one to three 
days; and in the human, the uropepsin is significantly reduced or absent when perni- 
cious anemia exists (6). The relationship of an increased uropepsin output with 
hypernormal gastric secretory activit}'^, on the other hand, has not been established. 
The only data on this point are from human subjects and the suggestive relationship 
may be a coincidence. Gottlieb (7) found the 24-hour uropepsin output tended to 
be highest in subjects who had hypernormal gastric acidities. Recent studies on 
peptic ulcer patients, who as a group may be regarded as hypernormal gastric secre- 
tors, by Block, el al. (8) as well as unpublished data of Grossman (9) indicate that the 
peptic ulcer population may fall into two groups on this point. One in which the 
uropepsin output is not distinguishably different from that of normal individuals, and 
a second group characterized by extremely high uropepsin outputs. 

The question which needs to be answered is: Does any agent which stimulates 
gastric secretion likewise augment the uropepsin output? The present study was an 
attempt to clarify this point using the cat as the e.xperimental animal. Caffeine and 
histamine are both potent gastric stimulants, the continued administration of which 
can cause gastric ulcer in the cat. The purpose of the present study was to determine 
if uropepsin output could be increased in cats given daily injections of caffeine and 
histamine in a beeswax-mineral oil mixture. 

METHOD 

Two series of experiments were performed. In the first study, 4 cats were con- 
ditioned for five weeks on a daily ration consisting of a uniform mixture of ground 
Purina Chow, cooked oatmeal and canned sardines. The diet was the only one used 
throughout this series. The 24-hour urine specimens for 15 days furnished the con- 
trol data. The cats were then injected once daily for 14 days with i cc. of a beeswax- 
mineral oil mixture containing approximately 150 mgm. caffeine alkaloid and 0.40 
mgm. histamine base, as the diphosphate, into the muscles of the limbs in rotation. 
The daily drug dose contained approximately one-half the amount of caffeine which 
can be expected to produce ulcers in 50 per cent of the cats in 10 to 14 days (10, ii) 


Received for publication Jub' i, 1948. 

' Present address; University of Illinois, Chicago. 



June ig4S 


UROPEPSIN EXCRETION 


4SS 


and about one fifth of the minimum dose of histamine which will produce gastric 
lesions in the cat (12). 

The 3 cats which survived the first study were used in the second series of injec- 
tions 7 weeks later. After control values were obtained for 10 days on the Chow- 
oatmeal-sardine diet, found by analysis to contain 8.S per cent protein, the diet was 
changed to one of ground raw horse meat which contained 19.4 per cent protein and 
which constituted the sole diet for the remainder of the study. A second control 
period of 9 days on the meat diet preceded the second series of drug injections. The 
drug mixture, given subcutaneously for the first 9 days and into the muscle the next 
13 days, contained 150 mgm. caffeine alkaloid and 0.45 mgm. histamine base, as the 
dihydrochloride instead of the diphosphate as used in the first study. 

The urine was collected over 24-hour interv'als into 5 ml. of 0.5 N HCl and some 
toluol. Specimens contaminated with feces were discarded. The uropepsin assays 
were carried out according to the method previously described. The results are e.x- 
pressed in uropepsin units, uu. A unit of uropepsin is defined as that amount of uro- 
pepsin, which when present in i ml. of urine and added to 5 ml. of 4 per cent beef 
hemoglobin substrate, pii 1.75-1.S0, for one hour at 37°C. will release digestion-prod- 
ucts not precipitated by trichloracetic acid and equivalent in color-producing value 
to I mgm. of tyrosine with Folin’s phenol reagent. The uropepsin output is the prod- 
uct of the units present in i ml. of urine and the 24-hour urine volume expressed in 
ml. 


RESULTS -AND DISCUSSIONS 

In the first series, no change whatsoever could be detected in the uropepsin out- 
put over 19 control days and 14 test days. The mean control and test output values 
on each cat are given in table i . An attempt was made at tlie end of the first week to 
intensify the stimulation by doubling the dose, giving it in two injections 8 to 10 hours 
apart but no evidence of an increase in the uropepsin occurred in any of the cats. 
Within 3 days, cal i developed typical caffeine convulsions and died, whereupon the 
initial dosage was resumed for those remaining. Cal i had eaten well and main- 
tained its uropepsin output to the day of death. At autopsy, a chronic ulcer was 
found in the pyloric region, which measured 2 mm. in diameter after fixation in 
formalin. 

Five weeks later this experiment, with slight modification, was repeated on the 3 
suiadving cats in order to see if the completely negative results of the first study could 
be duplicated when another diet, higher in protein content, was employed. A change 
to a diet rich in meat proteins greatly increases the uropepsin output in the human 
(2). 

During 9 days on the raw meat diet (19.4 per cent protein) all 3 cats significantly 
increased their uropepsin outputs over that for the 10 days on the Chow-oatmeal- 
sardine diet (8.8 per cent protein). These data indicate that the organs concerned 
with uropepsin output m these cats were capable of responding to proper stimulation 
and that the failure of the drugs to augment the uropepsin output in the first study 
was not due to organs already working to maximum capacity or in a refractory state. 
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In the first g days of the drug administration, a further increase in uropepsin out- 
put occurred in all 3 cats, but in only 2, cal 2 and cat j, was this increase statistically 
significant. In the course of the next 13 injections, one of these animals, cat 2, be- 
came indisposed, refused its food and in 6 days its uropepsin output fell to an average 
value half the previous level. The animal was killed and examined but no evidence 
of ulcer was found. Cat 3 and cat 4 ate well and maintained a high level of uropepsin 
output throughout the period of the injections. Cat 4 was then killed and cat 3 was 
followed for 14 days to note the recovery progress. The uropepsin output of this 
animal returned to the meat diet control level. 


Table i . Mean 24-HOUR uropepsin outputs or cats on two types of diet, 

WITH AND WITHOUT DAILY INJECTIONS OF CAFFEINE-HISTAMINE 



DAYS 1 

1 

CAT I j 

CAT 2 

CAT 3 

CAT 4 




uropepsin units 


Series I 






Control diet 

19 





(Chow-pa tmeal-sardine) 

Test I 

1 

46.0 

^ 1 

23-5 

31.6 

39-2 

(Control diet -i- drugs) 

i 

1 

42.1 

26.4 

29.1 

37-7 

Series II 






Control diet 

10 





(Chow-oatmeal-sardine) 
Control diet 

9 


24.6±2,I^ 

i 

13. oil. I* 

23.o±i.8* 

(Raw horse meat) 

Test II 

9 


35 .S± 2.2 

34 . 3 ± 3.4 

So.7±8.6 

(Meat diet + drugs) 

Test II 

12 


54.o±6.4 

1 

54 -i± 5-2 

6o.3±5.8 

(Meat diet -f- drugs) 

Control III 

14 


25.5rfcl.8 

58.o±s.i 

58 . 5 ± 4-2 

(Meat diet alone) 




33 . 2 ± 3 .i 



^ These are the standard errors of the mean. 


On the low protein diet, used in the first series, the caffeine-histamine treatment 
had no effect on the uropepsin output, although the fact that one cat died in convul- 
sions and had a chronic ulcer would indicate that the drug treatment was potent and 
that gastric secretion had been stimulated. 

In the presence of a high protein intake, the caffeine-histamine treatment con- 
ditioned an increased uropepsin -output in all 3 cats, but this increase was significant- 
in but 2 cats, and when one of these refused its food, the drugs alone were unable to 
maintain the uropepsin output. The authors have noted that refusal to eat, in the 
cat, is always attended by A severe drop in the uropepsin output. Wliether the out- 
put in cat 2 was higher in the presence of the drug treatment than would occur in an 
untreated cat refusing itsTood cannot be said. Only one of the animals, cat 3, showed 
a significant increase in uropepsin output which could be attributed to the caffeine- 
histamine stimulation and this increase occurred only when the animal was eating 
the high protein diet of horse meat. In this instance, discontinuance of the drug in- 
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jections was attended by a significant fall in the uropepsin output to the previous meat 
control level. 


CONCLUSION 

The failure to detect any response ivhen the cats were eating the low protein diet 
and to find a definite increase in the uropepsin output in all cats, at least initially, 
when eating a high protein diet indicates tliat under the conditions related the charac- 
ter of the diet and appetite are more potent factors in altering uropepsin output than 
caffeine and histamine which are known to have a stimulating action on gastric secre- 
tion quite independent of the kind and quantity of food eaten. 

While a functioning gastric mucosa is essential for the existence of uropepsin in 
urine we believe that the amount of uropepsin put out in 24-hours is quite unrelated 
to the quantity of gastric juice secreted into the stomach, but more evidence is neces- 
sary to establish this contention. 
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EFFECT OF RENIN ON PROTEINURIA AND PAH 
CLEARANCE AT LOW PLASIMA LEVELS' 

J. LEONARD BRANDT and JOHN G. GRUHN 
From the Department of Medicine, Long Island College of Medicine 
BROOKLYN, NEW YORK 

I N 1940 Pickering and Prinzmetal (i) reported that strongly pressor doses of renin 
profoundly influenced and modified renal function in the rabbit. This modifi- 
cation was manifested in a marked diuresis, with increased excretion of sodium 
and chlorides. These changes in renal function were attributed to a direct action of 
renin on the tubules; the changes persisted as long as renin was given and after tach)'-- 
ph5daxis had abolished the pressor action. Since renin may have a primary function 
of altering kidney activity and metabolism, we have extended these studies to include 
other phases of renal function in the rabbit. Particular attention was paid to glo- 
merular damage, by studying proteinuria and determining changes in permeability 
of the glomerular membrane to injected hemoglobin. Preliminary e.xperiments con- 
firmed the observation that the diuresis resulting from the injection of pressor doses 
of renin in the rabbit was accompanied by an increased proteinuria (i). 

JIETirODS 

All observations included a control period and the period of maximum renin 
diuresis. 

Unanesthetized male rabbits weighing between 1.5 and 3.0 kgm. were used 
throughout. The animals were kept on their usual diet of commercial rabbit chow 
up to the evening preceding an experiment when all food was withdrawn and water 
allowed ad libilim. The morning of the experiment, the animal was hydrated with 50 
to 100 cc. of warm tap water- by stomach tube. Approximately one hour before the 
start of a control urine collection period, 500 mgm. of creatinine dissolved in 10 cc. of 
normal saline was administered subcutaneously. This produced initial blood levels 
between 10 to 20 mgm. per cent. The animal was then tied to a board and his blad- 
der thoroughly emptied and washed, using a No. 8 F catheter, to insure that subse- 
quent protein determinations did not reflect mucin and detritus from the lower 
urinary tract. The catheter was cut short'to«move as much dead space as possible 
in the urine collections and was allowed to remain in place throughout the period 
of observation. • - ' . . _ , 

To determine the clearance of para-aminohippuric acid, 250 mgm. pah^ in 10 cc. 
saline was given subcutaneously approximately 15 minutes before the expected start 

Received for publication May 3, 1948. 

1 This work was carried out with funds provided by the Life Insurance Fund for Medical 
Research. 

- Animals that were to receive hemoglobin were given 0.5 gram of sodium bicarbonate in the 
water. 

’ Supplied by Sharpe and Dohme, Inc. as sodium para-aminohippurate. 
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of a control urine collection period. This gave initial blood levels between 3.5 to 
8.0 mgm. To study hemoglobin permeability, tlie procedure of Monkc and Y uile (2) 
was used. Initial blood levels of hemoglobin between 250-500 mgm. per cent were 
obtained by the intravenous injection of 350 to 750 mgm. of rabbit hemoglobin, as 
10 to 20 per cent solution, 10 minutes before the start of the control period. Hemo- 
globinuria was apparent about 7 minutes following the injection. 

Urines were collected directly into graduates and midperiod blood specimens 
obtained by direct cardiac puncture. Particular care was taken to prevent hemolysis. 

Following a control period in which specimens for creatinine clearance, pah 
clearance, hemoglobin permeability and urinary proteins were collected, a few minutes 
were allowed to elapse during which time the bladder was again washed and emptied. 
The animal was then given 10 mgm. of renin’' in 2 cc. of ph3'siological saline intraven- 
ously. Gross inspection of the rate of urine flow was found to be a satis- 
factor}^ method of estimating the period of peak diuresis, during which the post-renin 
observations were made. These peak periods usually occurred about 20 minutes 
after tire renin injection. No animal was used more than once. 

Determinations of creatinine in plasma and urine were done hy the method of 
Folin and Wu (3); pah determinations in plasma and urine bj’’ the method of Smith, 
et al. (4). The determination of hemoglobin concentrations in both the hemoglobin 
solution used for the injection, and standard solutions used for determining the plasma 
and urine hemoglobin concentrations were done bj'’ the iron method of Wong (5). 
The plasma and urine hemoglobin concentrations were determined by a modification 
of the cyanmethemoglobin method of Evelyn and Malloy (6). A Klett-Summerson 
photoelectric colorimeter was used for all color reactions. 

In determining proteinuria, the Shevk3''-Stafford method (7) using Tsuchi3fa’s 
reagent was used. IVlien hemoglobin was also present in the urine, the volume pre- 
cipitate for hemoglobin was subtracted from the toj^al using a graph of precipitates 
from known concentrations of hemoglobin. It was found that weight for weight, 
both hemoglobin and albumin gave about the same amount of precipitate with 
Tsuchiya’s reagent. In animals made hemoglobinuric, the high control period urine 
concentration of hemoglobin might account for perhaps nine tenths of the total pro- 
tein (hemoglobin and albumin) precipitated. The albumin determination therefore 
was below the limits of desired accuracy, and control period proteinuria is recorded 
as less than 0.3 mgm. protein/minute. The calculated values were o.i to 0.3 mgm./ 
minute. During the period of renin diuresis, the urinary hemoglobin accounts for 
about one half or less of the total precipitate, and determinations of urinary protein 
after subtraction of the hemoglobin precipitate is accurate. The validity of these con- 
clusions was borne out by data obtained in animals that were not given hemoglobin, 
and their urinary protein per minute during a control period and during renin diuresis 
determined gravimetrically. The gravimetric figures were in concordance with the 
'^Shevky-Stafford method of quantitating urinary protein in the presence of hemo- 
globin, during renin diuresis. 


supUed through the courtesy of Dr. K. Kohlstaedt of Eli Lilly Co. A 10 mem 
dose tested m anesthetized animals by carotid artery B.P. gave rises in pressures of •^o-ao mm 
v^hich reached a peak within 30 seconds and returned to baslline raK“nutes " 
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In all animals a simple qualitative Benedict’s test for sugar was done on the 
control urines and the urine obtained during peak renin diuresis. 

Six animals were killed following an experiment and their kidneys removed for 
microscopic examination. 

RESULTS 

In carrying out these experiments, a total of 12 animals were used. As had been 
mentioned, not all procedures were carried out in all animals simultaneously. Most 
observations were made during a control period and during peak renin diuresis. Of 


Table i 



A 

B 

C 

D 

E 

F 

ANIMAL NO. 

[URINE FLOW 

CLEARANCE 

PROTEINURIA 

GLYCOSURIA 

HEMOGLOBIN 


CREATININE 

PAH 

PERMEABILITY 


cctmin . 



mgm , fmin » 



I 

0.45 

I 3 -S 

42.1 

0.03 

Trace 

— 


i;ss 

9-7 

32.5 

I . I 

Neg. 


2 

— 

4.6 

28.6 

— 

— 

— 


— 

3-8 

II. I 




3 

0.45 

12.9 

37-4 

0.26 

one plus 



1.92 

14-5 

18.7 

2.6 

neg. 

— 

4 

0.14 

4.9 

36.4 

>0.3 

one plus 

5-0 


1.92 

5-2 

20.4 

1-7 

neg. 

nd. 

s 

0.50 

10.7 

47-9 

— 

— 

— 


2.00 

9.4 

28.0 




6 

— 

9.0 

40.3 

— 

— 

— 



6.2 

17.9 




8 

0. 20 

S-6 

28.6 

V 

0 

one plus 

4.8 

1 

2.12 

7.6 

27-3 

2.4 

neg. 

4.9 

9 



i 



4.9 

nd. 

II 

0.25 

8.0 

41.2 

>0.3 

trace 

4-4 


2,10 

13.6 

40.8 

1-7 

neg. 

4.6 

12 

0.41 

5-9 

— 

— 

— 

— 


1.86 

7.1 





X 

— 

— 

— 

0.14 

— 

— 





I . I 



Y 

— 

— 

— 

0.22 

— 

— 









the 12 animals, 8 gave a minimum of about four-fold increase in urine flow per minute 
during renin diuresis over control periods, although there was a deflnite in- 
crease in flow in all animals. Nine sets of observations of the glomerular filtration 
rates were made. Eight sets of observations of the clearance of pah were made, 
using subcutaneous injections of NaPAH. Two additional animals were observed ' 
for PAH clearance using Forster’s (9) intravenous infusion technique. These animals 
gave very similar results to the subcutaneous injection method, and so intravenous 
infusion was abandoned since it was felt that this would alter urine flows. A total of 
five observations of proteinuria were done, and the accuracy checked against observa- 
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tions in two animals not given hemoglobin. In these, urinary proteins were deter- 
mined gravimetricaUy. 

In table i are recorded the typical observations made on the 12 animals. The 
upper figure of each pair is the control datum, and the lower is the datum during renin 
diuresis. 

Column B records the creatinine clearances. These clearance figures are a 
measure of the glomerular filtration rate in tire rabbit, as has been pointed out by 
Kaplan and Smith (8), and correspond with tire thiosulphate clearance (10), as we 
were able to obserx^e in 10 experiments on rabbits. 

In- column C are recorded the clearances of paii during a control period and during 
renin diuresis in eight animals. The subcutaneous method gave results similar to 



Fig. I. Functional changes in the 
kidney during renin diuresis expressed as per- 
centage change from control period; columns 
6 and 7 based on data of Pickering and Prinz- 
metal (i). I, glomerular filtration rate; 2, 
PAH clearance; 3, urine fiow/min., 4, protein- 
uria/min.; 5, glomerular permeability to he- 
moglobin; 6, urinary sodium/min.; 7, urinarx' 
chloride /min. 


those with continuous infusion. Inasmuch as extraction ratios were not done, it is 
not certain that the clearance figures truly reflect changes in effective renal blood 
flows. However, the work of others (12) indicates that the effective renal blood flows 
are diminished with renin, as would be expected with a vasoconstrictor. 

Column A records the changes in urine flows during the control periods and dur- 
ing renin diuresis. 

^ Column D lists the quantitative protein determinations. Animals i and j re- 
ceived no hemoglobin; animals 4, 8, and ii received hemoglobin. These quantitative 
protein determinations were done by the Shevky-Stafford method. Animals X and 
received no hemoglobin and their urinary proteins were determined gravimetricaUy. 
ammal X, during the decline in diuresis, about 80 minutes after the injection of 
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renin, when the urine flow had dropped from 3.7 cc./minute at its peak to 0.8 cc./ 
minute, proteinuria also dropped from i.i mgm./minute to 0.07 mgm./minute. 

Column E records the results of the Benedict’s test for sugar in the control 
period urine, and in the urine during peak renin diuresis. 

Cohimn F records the hemoglobin permeability. 

DISCUSSION 

Addis (13) pointed out that proteinuria is normal in the human and is pathologi- 
cal only when present in excess amounts. Oliver (14) notes the presence of protein 
molecules in the tubules and tubular cells of what are considered normal mammalian 
kidneys, using protein-dye combinations. 

Methods of studying proteinuria dynamically had never met with great success, 
until Dock (15) suggested that the hemoglobin molecule might serve the purpose of 
ruling out changes in the permeability of the glomerular membrane to account for 
changes in protein excretion, when hemoglobinuria and albuminuria are studied 
simultaneously. The hemoglobin molecule has 97 per cent the molecular weight of 
the albumin molecule, and above Tm values, is cleared by the kidney in a definite 
and predictable proportion of the filtration rate. This proportion expressed in per 
cent is the ratio of the simultaneous clearance of hemoglobin above Tm values to the 
glomerular filtration rate and has been designated by Monke and Yuile (2) as the 
hemoglobin permeability. This figure is interpreted by them to indicate the per cent 
of pores of the glomerular membrane large enough to allow the passage of an undis- 
sociated hemoglobin molecule. This investigation showed {column F, table i) that 
under normal conditions the glomerular membrane of the rabbit has about 4 to 5 
pores per hundred that are large enough to permit the passage of hemoglobin mole- 
cules. With these basic facts one can then infer whether proteinuria is the result of a 
‘damaged’ (more permeable) glomerulus or possibly is the result of some other factors 
acting on or in the kidney. 

It is to be understood that although the hemoglobin and the albumin molecules 
have about the same molecular weight it does not follow that their glomerular per- 
meabilities are alike, since shape and electrical charge may be different. Hemoglobin 
permeability is about 5 per cent and albumin permeability less than i per cent (15, 
16). 

From the average glomerular filtration rates for the animals examined (8.3 cc. 
before renin and 8.6 cc. after renin), it is apparent that the filtration rate is unchanged 
but there is a marked increase in urine flow (average 0.31 cc. before renin and 1.78 cc. 
after renin). Diuresis is the result of diminished tubular reabsorption of water. 
The only other explanation for the diuresis lies in the possibility that it is osmotic in 
nature. That such is not the fact is adequately established by Pickering and Prinz- 
metal (i). The clearances of pah {column C, table i) indicate that there is probably 
a significant fall in the effective renal plasma flow, which, in conjunction with an in- 
significant change in the glomerular filtration rate, indicates a rise in the filtration 
fraction and efferent arteriolar constriction. Could the resultant increase in intra- 
glomerular pressure account for the proteinuria? The data in colmnns D and F in- 
dicate that in spite of this increased pressure the glomerular membrane is no more 
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permeable to tlie hemoglobin molecule during renin diuresis. The clearance of hemo- 
globin varies with the filtration rate and there is no change in ratio of hemoglobin 
clearance to the creatinine clearance. It seems safe to conclude from this that no 
greater amounts of protein are appearing in the glomerular filtrate during renin diure- 
sis than during the control period. The proteinuria must therefore be the result of 
diminished tubular reabsorption of protein. This depression of tubular reabsorption 
is a purely physiological and transient phenomenon, since, the subsidence of the diure- 
sis is accompanied by a decrease in the amount of protein appearing in the urine. 
One may indulge in the luxury of calculating the amount of protein in rabbit glomeru- 
lar filtrate, assuming that the concentration in glomerular filtrate was constant and 
n6 albumin was reabsorbed during renin diuresis. Such calculations, based on table 
I, give values of ii to 33 mgm. per cent, with 4 out of 5 animals showing less than 20 
mgm. per cent. These figures are concordant with experiments in which the tubules 
have been paralyzed by cold and a glomerular filtrate obtained (15). 

In spite of the general depression of tubular reabsorptive capacity during renin 
diuresis, glucose does not appear in the urine. It is noted in column E that all but one 
animal had a slight glycosuria during the control period. This glycosuria has been 
interpreted as probably a psychogenic effect rather than anything pathological. The 
absence of detectable glycosuria or increase in hemoglobinuria during renin diuresis, 
when tubular reabsorption of sodium, chlorides, water (i) and protein are depressed, 
suggest a possible dissociation of tubular activity. 

Renin can be isolated from the kidneys of normal animals and produces its pres- 
sor effects by catheptic action on plasma protein. It may be that its action on the 
renal tubule is of far greater biologic importance than its participation in the pressor 
response to renal ischemia just as the effect of pitressin on the tubule seems more im- 
portant than its pressor action. By reducing the work of reabsorption at times when 
renal blood flow is greatly reduced, renin may play a part in the reduction of total 
renal metabolism observed by Van Slyke and his associates (17). In the rabbit, no 
rise in arterial pressure was noted after removal of a clamp causing complete renal 
artery occlusion for two hours; and 23 of 30 animals survived (18). 

Microscopic examination of the kidneys of 6 rabbits used in these experiments 
failed to show evidence of any renal damage. 

summary 

1. Strongly pressor doses of renin in the unanesthetized rabbit produce a marked 
diuresis unaccompanied by alterations in the glomerular filtration rate. As shown 
by others (i) the diuresis is due to an inhibition of tubular reabsorption of water and 
is associated with inhibition of reabsorption of sodium and chloride. 

2. Strongly pressor doses of renin given to the hydrated unanesthetized rabbit 
produce a slight decrease in pah clearance and a marked increase in proteinuria. 
The increased proteinuria is not accompanied by any significant change in the per- 
meabihty of the glomerular membrane to injected hemoglobin, and .is apparently due 
to diminished tubular reabsorption of protein. 

3. The marked alterations in renal function produced with pressor doses of renin 
are transient and are not accompanied by any lesions that can be seen microscopically. 
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the kidneys. 
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EXCRETION OF SODIUM AND WATER DURING OSMOTIC 

DIURESIS IN THE DOG^ 

LAURENCE G. WESSON, JR. and W. PARKER ANSLOW, JR. 

From the Dcparlmcut of Physiology, Ncio York Universily College of Medicine 

NE^V YORK, NEW YORK 

T he application of the micropuncture technique (i) to single nephrons has 
shown that most of the filtered sodium chloride and water are reabsorbed in 
the proximal tubule, and that the tubular urine remains essentially isosmotic 
with the plasma to a point about half way down the tubule, or to the most distal point 
available to micropuncture in the intact mammalian kidney. It follows from the 
isosmotic nature of the tubular urine that water and electrolytes are reabsorbed by 
the proximal tubule in approximately equal proportions, and thus the osmotic pres- 
sure of the reabsorbate is approximately equal to that of the glomerular filtrate and 
hence to the osmotic pressure of the plasma. It will be recalled that Cushny (2) 
conceived of the tubular reabsorbate as an ‘ideal fluid’, containing all essential inor- 
ganic constituents in those proportions which characterize normal plasma, and the 
question therefore arises whether or not the simultaneous reabsorption of electrolytes 
and water represents the reabsorption of an ‘ideal fluid’ in Cushny’s sense, or merely 
the coincident- operation of two fundamentally independent processes. The experi- 
mental work described in this paper w'as designed to examine this question and 
demonstrates, we believe, that the latter explanation is the correct one. 

When an unreabsorbed solute of low molecular weight (urea, glucose, mannitol, sucrose, sodium 
thiosulfate, etc.) is introduced into the plasma and hence into the glomerular hltrate, the rate of urine 
flow is increased roughly in proportion to the plasma concentration of that solute (osmotic diuresis). 
Shannon (3), using sodium sulfate in the dog, caused the excretion of 57 per cent of the glomerular 
filtrate at a creatinine U/P ratio of 1.75, and Smith and his co-workers (4) reached a urine flow of 41 
cc. per minute and an inulin U/P ratio of 3.5 in man by means of glucose. Evidence has been pre- 
sented elsewhere (5) that some 85 per cent of the filtered water and sodium chloride are normally 
reabsorbed in the proximal system, using this term to indicate the proximal tubule and the thin limb 
of the loop of Henle. Since the greater part of the water of the glomerular filtrate may be excreted 
during osmotic diuresis, it follows that most, if not all, of this increased excretion must be a result 
of decreased reabsorption in the proximal system. Under conditions of moderate to extreme diuresis, 
the contributions of the distal tubule in modifying the composition of the urine are ovenvhelmed in 
the flood of pro-ximal diuresis, so that the composition of the urine approaches the composition of the 
proximal urine, i.e., of the tubular urine as it is delivered from the thin limb to the distal tubule. 
We have therefore used osmotic diuresis to examine the conditions governing salt and water re- 
absorption in the proximal system. 


METHODS 

Trained, unanesthetized dogs were used. Food and water were withdrawn from the animals 
15 hours b efore the experiment. Following three control periods osmotic diuresis was induced by 

Received for publication June i, 1948. 

» Certain features of this study have been described in a preliminary communication (5). 
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infusing 25 per cent mannitol solution at a rate between 0.7 and i.o cc. per kgm. of bodj- weight per 
minute. The filtration rate was determined by the exogenous creatinine clearance. Clearance pro- 
cedures and creatinine determinations were carried out as described by Smitli, cl al. (6). Infusions 
were given into a vein of the forelimb. Blood samjfies were withdrawn from an inljdng needle in the 
femoral artery, using o.i cc. of Liquaemin (Hofiman-La Roche) jier 10 cc. of whole blood as anti- 
coagulant. The blood was collected with precautions against the loss of CO;. Urine was collected 
through an inlying catheter. Specimens of urine for the determination of pH and CO; were collected 
directly from a urethral catheter into Van Slyke-Cullcn pipettes at the midpoint of each urine- 
collection period. It was usually necessary to terminate the experiment after about three-quarters 
of an hour of infusion of mannitol solution; a longer ])eriod of infusion at the rate and concentration 
of mannitol used here endangered the life of the animal. Chloride was determined b}”' the method 
of Sendroy as modified bj' Van Slyke and Hiller (7), sodium and potassium by flame spectrophotom- 
etrj'-, calcium by the method of Roe and Kahn (8), phosphate by the method of Fiske and SubbaRow 
(9), mannitol by the method of Corcoran and Page (16) and pir with the Cambridge pii meter using 
a IMacInnes glass electrode. 


CALCULATIONS 


In the formation of the glomerular filtrate, an essentially protein-free fluid is 
separated from plasma-containing cations and anions in concentration differing from 
those in the plasma in accordance with the Donnan equilibrium. Because the pH of 
the plasma is on the alkaline side of the isoelectric point of the plasma proteins, con- 
siderable base is bound to plasma proteins and unavailable for filtration, and the 
concentration of diffusable cations in the ultrafiltrate will be less than that in the 
plasma water, the concentration of diffusable anions being correspondingly greater 
(Donnan effect). We have not determined the plasma protein concentration in our 
experiments but have taken as average values for the Donnan factors corresponding 
to 6 grams per cent of total protein, kNa = 0.925, ks = 0.85, and kci and kacoj = 
1.023 The Donnan factor has been neglected in our calculations dealing 

with Ca and PO4. Assuming that the Donnan factor remains constant at any plasma 
concentration of a given ion, the concentration of that ion in the glomerular filtrate 


(G) is then equal to k— , where P is the plasma concentration in mEq. per liter and 


W the per cent of water in the plasma. In later work, we observed in a typical series 
of observations that the concentration of plasma protein declined from approximately- 
6 to 4 grams per cent during the infusion of hypertonic mannitol solutions, and this 
correction has been applied to all experiments. Assuming that the specific gravity 
of the protein is i.o, then 100 minus the protein concentration in grams per cent gives 
the percentage of filterable water in the plasma, or W as used above. 

Recent evidence (10, 14) indicates that some 10 per cent of commercially avail- 
able mannitol is reabsorbed by the renal tubules. We have neglected this fact in our 
calculations for tlie reason that we do not know the extent of tubular reabsorption at 
the high plasma levels existing in our e:q)eriments, nor is it possible for us to make 
this calculation accurately with reference to the creatinine U/P ratio, since tlie plasma 
concentration of mannitol is rising so rapidly and the urine-collection periods are so 


- We are indebted to Dr. Nelson Young of the Sloan Kettering Institute and to Dr. Charles Fox, 
Department of Bacteriology, College of Physicians and Surgeons, Columbia University, for the use 
of their flame spectrophotometers. 
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stort that the errors in the calculations arc relatively large. Accordingly the manni- 
tol concentration in the glomerular filtrate (Ga) has been calculated by dividing the 
concentration in the urine by the WU/P ratio for creatinine. In order to equate the 
osmotic pressure of mannitol with tliat of electrolytes, Uie mannitol concentration of 
the plasma and urine has been converted to ‘ion equivalents’ by conversion to mM/r 
and divided by 0.93, a factor representing the deviation of the freezing point of o.i 
M NaCl solution from ideality (15). One half of the ion equivalent represents the 
contribution of the mannitol to the osmotic pressure of the anions and cations, respec- 
tively, in the plasma or urine. 


RESULTS 

Seven experiments were performed in 4 dogs. Pertinent data in two experi- 
ments are given in table i, the results of all other e.xperiments being in general con- 
sonant with the two which are reported. These data indicate that during osmotic 
diuresis a) the reabsorption of sodium is an active process; b) sodium and water are 
not reabsorbed in a constant ratio and these two operations are fundamentally in- 
dependent; c) the reabsorption of water (in the proximal tubule) is a passive process; 
and d) the proximal reabsorption of sodium appears to be limited by a critical con- 
centration gradient of this ion between plasma and urine. 

That the reabsorption of sodium by the tubular system as a whole involves an 
active process is evident from the fact that under normal conditions, both at low and 
at high rates of urine flow, the urine may contain only traces of sodium. Assuming 
that the proximal tubule is permeable to sodium and water but not to mannitol, the 
first two might be removed from the tubular urine, with consequent concentration of 
the mannitol, at the expense of the hydrostatic pressure of the tubular urine. At any 
reasonable magnitude for this pressure, however, only a small percentage of 
the sodium and water could be thus removed at plasma mannitol concentrations and 
urine flows as high as in our experiments. It follows that proximal sodium reabsorp- 
tion is largely if not wholly an active process, the energy for which is supplied by the 
tubular cells. This circurnstance does not exclude some passive transport of sodium 
under normal circumstances. 

That sodium (and chloride) and water are not reabsorbed in a constant ratio as 
diuresis increases in magnitude is shown in table i and figure i . In figure r the per- 
centage of filtered sodium, chloride, bicarbonate and water excreted in the urine (dog 
j, exp. 2) are plotted against the log U/P creatinine ratio. As diuresis develops, an 
increasing fraction of the water of the .glomerular filtrate appears in the urine and the 
log U/P ratio of creatinine decreases from its initial value of 10.4, approaching i.o as 
a limiting value. At the highest urine flow obtained, 31.6 cc. per minute (dog 5, c.xper. 
2) 63 per cent of the filtered water was e.xcreted in the urine whereas only 26 per cent 
of the filtered sodium, 33 per cent of the filtered chloride and 9 per cent of the filtered 
bicarbonate were excreted. Tubular reabsorption of phosphate remained complete 
whereas approximately 95 per cent of the filtered potassium was excreted. Values 
of the percentage excretion of sodium and water at the maximal urine flows obtained 
in other e.xperiments are as follows: dog i, exper. i : sodium, 18.5 per cent, water <1 c 
per cent; dog 2, exper. r; sodium, 13.4 per cent, water, 42 per cent; dog 2, exper. i: 
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Table i. Clearance data from two osmotic diuresis experiments 



1 See text for methods of calculation. 



CREATININE U/P RATIO 




Fig. 1. Percentage excre- 
tion of water, sodium, chloride and 
bicarbonate in relation to creatinine 
U/P ratio (log scale) in dog 3, ex- 
periment 2. Plotted from data in 
table 1. 


sodium, 17.5 per cent, water, 50 per cent; dog 2, exper. 3 : sodium, 9.4 per cent, water, 
41 per cent. From these experiments we conclude that the reabsoiption of sodium. 
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■chloride and bicarbonate are processes which proceed independently ol the reabsorp- 
tion of water. 



Figure 2 shows the summated osmolar constituents of the plasma, urine and of 
the total reabsorbate during the course of osmotic diuresis in dog 3, experiment 2 
Accepting the assumption that the distal tubule only sUghtly modifies the urine dur- 
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ing osmotic diuresis, the composition of the total reabsorbate reflects with fair approx- 
imation tire composition of the reabsorbate in the proximal system. The data show 
that during osmotic diuresis the osmotic pressure of the tubular urine, and therefore 
of the reabsorbate, remains nearly identical with that of plasma. This demonstra- 
tion confirms the conclusion reached by Walker el al. (i) from micropuncture studies 
in the guinea pig and rat. 

From the evidence that sodium is reabsorbed actively and independently of 
water, and that the urine is either isosmotic or slightly h5qDotonic to the plasma during 
osmotic diuresis, it is concluded that water returns to the plasma in the proximal 
tubule by a process of passive diffusion. In this view, water transport will not begin 
until the active transport of sudium has established an osmotic gradient between the 
plasma and tubular fluid. 

In figure i it will be noted that although there is a dissociation between the re- 
absorption of sodium and the reabsorption of water, nevertheless the rate of excretion 
of sodium continues to increase with increasing rates of urine flow. Three possibili- 
ties for this increased excretion may be considered: a) mannitol exerts a toxic action 
on the tubular cells; b) stirring within the tubule may be inadequate to bring all of 
the sodium to the surface of the tubular cells, making it available for reabsorption. 
Such a situation might be brought about bj’’ an increase in the average velocity of 
flow of the tubular fluid as an increased volume of urine is discharged down the proxi- 
mal tubule during the development of osmotic diuresis, c) The retention of water in 
the proximal urine, under the osmotic action of mannitol, may dilute the sodium con- 
centration in the urine below that of the plasma and thus establish increasing concen- 
tration gradients between urine and plasma, which progressively reduce the rate of 
sodium reabsorption. 

Since increased sodium excretion also occurs during urea (16) and glucose® 
diuresis, (c) appears improbable. Since phosphate continues to be completely re- 
absorbed and bicarbonate almost completely reabsorbed, {b) also appears to be im- 
probable. We are then left with the third alternative (c) that dilution of sodium in 
the tubular urine is responsible for decreased reabsorption. 

As osmotic diuresis increases in magnitude, the difference in concentration be- 
tween plasma and urine sodium tends, in any one experiment, to approach a constant 
value of 60 to 90 milliequivalents per liter which is maintained despite marked varia- 
tions in the absolute values of the plasma and urine sodium concentration. In 
addition to direct observation by determination of plasma and urine sodium con- 
centrations, this tendency toward a constancy of concentration difference may be 
demonstrated by graphical analysis, as follows: 

If it is assumed that at high plasma concentrations of mannitol, sodium and 
mannitol concentrations represent approximately tlie total osmolar concentration of 
plasma and urine, and further, that the osmolar concentrations of plasma and urine 
are equal, as would be the case during isosmotic reabsorption, we may write: 

i) Pm + Pic.-i = Um + Uxa 

where Px.i and Un.-i are milliequivalents per liter of sodium in the plasma and urine 

’ In experiments not reported here we have observed excretion of sodium during glucose diuresis 
comparable in magnitude to that observed during mannitol diuresis. 
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respectively, and Pm and Um are cation equivalents of mannitol per liter. Assuming 
no reabsorption of mannitol, 

2) PmCf “ UmV 

where Cf is the filtration rate and V the urine flow, botli in cc. per minute. Sub- 
stituting Um in (i), and solving for Pm; 

3) Pm - Pnu whence 4) Pm = _ y (Pn^ - Un^)- 

Since Cp — V equals Th„o, tlm total rate of reabsorption of water in cc. per minute, 

5) Pm ~ (Pnb Unh). 

In figure 3, Pm from four e.xperiments is plotted against V/Tn-o- The slope of 
each curve should equal P^a — Ux.,! As osmotic diuresis develops, progressively 
higher values of V/Th^o are developed and the slope becomes constant, a circumstance 



Fig. 3. Plasma mannitol concentration, measured as ion equivalents, in relation to V /ThsO. 
According to equation 5, the slope of each curve theoretically measures PKa— UNa. It mil be seen 
that the slope is constant at high urine flows. 

Fig. 4. Depression of the freezing point of plasma and urine during mannitol diuresis, dog s, 
experiment 3, in relation to creatinine U/P ratio (log scale). 


consonant with the observation that a constant value of Px,, — Uxa is approached as 
diuresis increases. Values of Pxa — Uxa calculated from the slope of the curves in 
figure 3 are compared with the observed values in table 2, and it will be seen that in 
general the correspondence is close. 

In one experiment (dog 2, exper. 3) the observed value of Pxa — Uxn tvas 90 
mEq/ 1 . as compared to a calculated value of 61 mEq/ 1 . The large divergence be- 
tween the observed and calculated values here is probably attributable to failure to 
achieve isosmotic reabsorption, a condition which was assumed in the derivation of 
equation 5. Data on the depression of the freezing point of plasma and urine in this 
experime nt (fig. 4) make it clear, however, that isosmotic reabsorption was not ob- 


■* signifirance of the slope of the curves of low urine flows or low values of nlasma mannitf 
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tained in this experiment®- ®. The effect which nonisosmoticit}'- of plasma and urine 
has upon the observed and calculated values of Pxa — Uxa may be made clear by the 
following calculation. Using the values for the depression of the freezing point as a 
basis for correction, we can calculate what V and Uxa would have been in each period 
if the urine had been isosmotic with plasma: 

6) V' = 7) T'h.o = Cp -V'; 8) U'xa = Uxn^, 

Atp Y 

where V', T'hoo and U'xa are the values of V, Th.o and Uxa, corrected to isosmoticity, 


Table 2. Observed and calculated values or plasma sodiuti concentration minus 

URINE SODIUM CONCENTRATION AT HIGH URINE FLOWS IN FOUR EXPERIMENTS 


OBSERVED 


ODSERVTD 



d 





CALCU- 


d 





CALCIT- 

6 


Period 

Plasma 

Urine 


LATED> 

d 


Period 

Plasma 

Urine 


LATED' 

to 

u 

Ch 

No. 

sodium 

sodium 



tfi 

0 

c. 

No. 

sodium 

sodium 



p 

W 






p 

w 









millimoh/liter 





millimoUlliter 


3 

2 

5 

126 

69 

57 


2 

3 


123 

31 

92 




6 

12 2 

63 

59 





120 

30 

90 





117 

S 4 

63 





118 

28 

90 





109 

48 

61 





115 

26 

89 





104 

44 

60 








61 



B9 







Av. 



90 




Av. 



60 

73 








2 

I 

5 

13s 

58 

77 


2 

3 

9 

D 

43 = 

So 




6 

128 

48 

80 




10 

19 

41= 

79 




7 

124 

42 

82 




II 


37 = 

Si 




8 

122 

39 

83 




12 

m 

33 “ 

82 




Av. 

8i 

90 



Av. 

Si 

80 

2 

2 

3 

136 

64 

72 











4 

129 

S <5 

73 











5 

126 

50 

76 











6 

124 

42 

82 











Av. 

76 

76 









' Calculated from slope of curves, fig. 4. - Corrected to isosmolarity of plasma and urine. 


and Atp and Atp are the depression of the freezing point of plasma and urine, respec- 
tively, in degrees centigrade. Substitution of the ‘corrected’ values, V' and T'hoo, 
in equation 4 jdelds a slope of 80 mEq/ 1 . as compared to an average value of Pxa — 
U'xa of 81 mEq/ 1 . (table 2). 

‘ The freezing points of plasma and urine samples were not determined in other experiments. 

° In all of our experiments the calculated osmolarity of the reabsorbate is equal to or slightly 
greater than that of the urine, leading to the excretion of a urine which is correspondingly h>'potonic. ‘ 
This departure from isosmolarity is marked, however, only in dog 2, experiment 3. The source of the 
excess urinarj-- water, represented by the hypotonicity, is not clear. 
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. discussion 

From the data presented here and those which have been reviewed elsewhere (5), 
tire following conclusions ma}’’ be drawn: 

Sodium is actively reabsorbed by the proximal tubule. Concurrently and prob- 
ably in consequence of tlie slight osmotic gradient thereby produced, water is pas- 
sively reabsorbed, tending to maintain the urine in the proximal system isosmotic with 
the plasma. Since only one eighth of the water of the glomerular filtrate is available 
for urine formation in water diuresis or diabetes insipidus, it is inferred that this 
fraction is normally reabsorbed by the distal tubule, and that seven eightlis of the 
water and therefore seven-eighths of the filtered sodium are reabsorbed proximally. 
It has elsewhere (17) been suggested that the probable function of the thin limb of the 
loop of Henle is to promote osmotic equilibration between tubular urine and plasma, 
before the urine is delivered to the distal tubule where the final and critical opera- 
tions of sodium and water reabsorption are effected. 

The proximal reabsorption of sodium appears to be retarded by the development 
of a critical concentration gradient between tubular urine and plasma, and this critical 
gradient is reached during mannitol diuresis when the presence of mannitol in the 
tubular urine prevents the osmotic reabsorption of water and thus dilutes the sodium 
of the urine. Progressive failure of sodium reabsorption leaves increasing quantities 
of sodium in the urine which, by its own osmotic pressure, still further prevents re- 
absorption of water. Hence, failure of water reabsorption in osmotic diuresis is 
attributable both to the osmotic action of the diuretic (mannitol) and of the unreab- 
sorbed sodium. 

As the glomerular filtrate enters the proximal tubule from Bowman’s capsule, 
it has essentially the same concentration of sodium as the plasma, and sodium reab- 
sorption is consequently rapid. Under normal conditions it may be supposed tliat 
water reabsorption proceeds about as rapidly as sodium reabsorption so that at no 
time does the concentration of sodium in the tubular urine fall much below that in the 
plasma. \Adien a nonreabsorbable solute, such as mannitol, is present, water reten- 
tion dilutes sodium in the tubular urine, and when the difference between the sodium 
concentration in the plasma and urine reaches a value of about 60 to 90 mEq/L, re- 
absorption of sodium is arrested. 

The limiting effect of a concentration gradient upon proximal sodium reabsorp- 
tion is in sharp contrast to the high concentration gradient which may be established 
between plasma and bladder urine under normal conditions of urine formation, when 
the sodium concentration of the urine may fall very close to zero. These observa- 
tions are reconciled by the supposition that sodium reabsorption occurs in two stages: 
In the proximal tubule, large quantities of sodium are reabsorbed over a small con- 
centration gradient, a circumstance which permits the proximal tubule to reduce the 
gross bulk of the glomerular filtrate and consequently to concentrate waste products 
destined for excretion.^ Distally, a second type of transfer mechanism reabsorbs 
small quantities of sodium over a much larger concentration gradient. This distal 
melanism would thus appear to be similar to the mechanism responsible for the 
reabsorption of glucose. The fact that it is located in the distal tubule, to which only 
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a small fraction of the glomerular filtrate is delivered, enables it to effect fine adjust- 
ments on a reduced volume of fluid". 


SUMMARY 

1. Water and electrolyte excretion have been studied during osmotic diuresis 
induced by infusion of concentrated mannitol solution into dogs. 

2. With increasing diuresis, relatively more water than sodium is excreted in the 
urine. It is concluded that water and sodium are not necessarily reabsorbed in a 
fixed ratio, and that the simultaneous reabsorption of large quantities of water is not 
essential to the reabsorption of sodium. It is concluded further that the reabsorption 
of the bulk of the filtered sodium requires the expenditure of energy by the tubular 
cells as an active transfer process. 

3. Comparison of the concentration of osmotically active solutes in plasma and 
urine at high urine flows induced by osmotic diuresis shows that the reabsorbate is 
approximately isosmotic. It is concluded that associated with the active reabsorp- 
tion in the, proximal system of approximately 85 per cent of the filtered sodium, an 
osmotically equivalent quantity of water is reabsorbed by passive diffusion. 

4. The plasma-urine sodium concentration difference tends to attain a constant 
value at creatinine U/P ratios below 3.5, indicating that this concentration difference 
is a major factor in limiting the proximal reabsorption of sodium. 

REFERENCES 

1. Walker, A. M., P. A. Bott, J. Oliver and M. C. IMacDowxll. Am. J. Physiol. 134: 580’ 
1941. 

2. Cushny, a. R. The Secretion of Urine. London: Longmans, Green and Co, 1917. 

3. Shannon, J. A. Am. J. Physiol. 122: 782, 1938. 

4. Smith, H. W. Lectures on the Kidney. University Extension Division, University of Kansas, 
Lawrence, Kansas, 1943. 

5. WES.SON, L. G., Jr., W. P. Ansloiv, Jr. and H. W. Smith. Bull. N. Y. Acad. Med. In press. 

6. Smith, H. W., N. Finkelstein, L. Aliminosa, B. Crawpord and M. Graber. J. Clin. Invest. 
24: 388, 1945. 

7. Van Slyke, D. D. and A. Hiller. J. Biol. Client. 167: 107, 1947. 

8. Roe, J. H. and B. S. Kahn. J. Biol. Client. 81: i, 1929. 

9. Fiske, C. H. and Y. Sl'bbaRow. J. Biol. Client. 66: 375, 1925. 

10. Corcoran, A. C. and I. H. Page. J. Biol. Client. 170: 165, 1947- 

1 1. Hastings, A. B., H. :\. S.alvf.sen, J. Sendroy, Jr. and D. D. Van Slyke. J. Gen. Physiol. 
S: 701, 1928. 

12. Greene, C. H. and M. H. Power. /. Biol. Client. 91: 183, 1931. 

13. Greene, C. PL, J. L. Bollman, N. M. Keith and E. G. Wakenpield. J. Biol. Chem. 91: 
203, 1931. 

14. Berger, E. Y., S. J. Farber and D. P. Earle, Jr. Proc. Soc. Exp. Biol. Med. 66: 62, 1947. 

15. International Critical Tables. IV. New York: McGraw-Hill, 1928. 

16. Mudge, G., j. Fodlkes and A. Gilman. Personal communication. 

17. Smith, H. W. Bull. N. Y. Acad. Med. 23: 177, 1947. 


’ It is possible that our interpretation of the action of mannitol in retarding the reabsorption 
of sodium is applicable to unreabsorbed solutes normally present in the glomerular filtrate. Urea, 
the most important of these, may, by the osmotic pressure developed as it becomes progressively 
concentrated in its passage down the proximal tubule, restrict the proximal reabsorption of water 
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to the circumstance Uiat only 85 per cent of the filtered sodium (and water) are normally reabsorbed 
in the proximal system. 
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T he behavior of gases in the gastro-intestinal tract has been the subject 
of several studies, and it is generally concluded that the atmospheric air 
entering the stomach during swallowing and the gases arising in the intestinal 
tract by fermentation are modified by interchange with the gases of the blood stream. 
This exchange of gas between the lumen of the intestine and the blood circulating 
in its wall is expected to be the same response occurring between gases contained in 
any body cavity and the blood stream. Campbell (i), Henderson (2) and Seevers 
(3) are in agreement that any gas introduced into tlie pleural cavity, the peritoneal 
cavity, the bladder or subcutaneous tissues approaches equilibrium with the partial 
pressures of that gas in the venous blood and tissue fluids. These investigators 
found equilibrium values for ox>'’gen ranging from about 20 to 30 mm. Hg (2.63% to 
3-95%) and for carbon dioxide averaging 50 mm. Hg (6.58%). 


In view of the supposition tliat the behavior of gases in Uie gastro-intestinal tract is the same as 
in any body cavity, with the possible e.xccption of the influence of gases produced by bacteria in the 
colon, the present investigation was undertaken for a more satisfactoiy explanation of some obvious 
discrepancies reported pertaining to the normal gas compositions of the intestinal tract. 

In an analysis of gas as discharged via the anus, Fries (4) found the following percentage volume 
compositions; 10.3% carbon dioxide, 0.7% ox\'gen, 29.6% methane and 59.4% nitrogen. In the 
case of the stomach. Planer (5) reported 23 to 33% carbon dioxide, 0.8 to 6.1% oxygen and 66 to 68% 
nitrogen in the dog, while Kantor (6) determined the gases in man as 4.16% carbon dioxide, 17.08% 
oxygen and 78.82% nitrogen. From his analytical data Ruge (7) concluded that when food is present 
in the alimentary canal, the oxj'gen tension is practically nil while carbon dioxide may exist at verj’ 
high tensions (50% of one atmosphere) in the large intestine. Hibbard (8) studied the gas which 
forms above obstructions in the small bowel and found that it consisted generally of about 70% 
nitrogen, 6 to 9% carbon dioxide (a concentration approaching that in the blood) and 10 to 12% 
oxygen. 

Mclver and coworkers (9) have stressed the importance of the physical process of diffusion as 
being the determining factor governing the rate of gas absorptions. They found that the quantity of 
a given gas which will diffuse across a membrane in unit time depends directlj’^ upon the differences 
in partial pressure of the gas on either side of the membrane, the extent of its surface, and inversely 
upon its thickness. The absolute value of the rate of diffusion -when these conditions are defined 
is determined by the characteristic of the gas and by the nature of the membrane through which it 
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is diffusing. These investigators derived equations predicting the absorption coefficients of various 
gases, on the basis of the observation that an equilibrium is reached when the partial pressure of the , 
gas in the lumen is equal to the mean tension of the gas dissolved in the circulating blood. This con- 
dition of equilibrium should be the same, regardless of the direction from which it is approached. It 
is interesting to note that in every case they found that carbon dioxide diffuses rapidly, oxj'gen more 
slowl}' and nitrogen hardl}^ at all. 

In the experimentai work that follows, comparison is made between the absorp- 
tion coefficient of gases determined on the basis of Mclver’s equation and the ab- 
sorption coefficients calculated on the basis of the experimental data reported. 

EXPERIMENTAL 

The experimental work involved three parts; a) the absorption of oxygen as 
contained in room air, 6) the absorption of carbon dioxide as contained in a mixture of 
25 per cent carbon dioxide and 75 per cent nitrogen, and c) the absorption of nitrogen. 
The behavior of these gases was studied b}'^ introducing 500-cc. volumes into the 
colons of normal healthy male adult subjects b}’' way of an open-tipped rubber tube 
inserted into the rectum for a distance of about 10 cm. This type of experimenta- 
tion was always done on individuals who had recently defecated. The subjects were 
instructed to rest comfortabty in a hospital bed in any position desired, since position 
was not found to influence the results. Gas samples of 30 cc., sufficient for duplicate 


B 






Fig. I. Diagram of apparatus for col- 
lecting alveolar gas samples in equilibrium 
' with gas tensions of venous blood. 


analyses, were withdrawn into a 50-cc. syringe at periodic intervals of time, the 
gas being stored over saturated sodium chloride solution contained in a series of 
burettes. The gas samples were analyzed for oxygen, carbon dioxide, methane 
and hydrogen. Nitrogen was considered for all practical purposes as the residual 
gas and was estimated by difference. The analyses tvere carried out in an apparatus 
designed for rapid manipulation and utilizing the usual principles of analysis, oxygen 
being absorbed by alkaline pyrogallol, carbon dioxide bj* concentrated potassium 
hydroxide and methane and hydrogen determined by slow combustion. 

Gas tensions in' mixed venous blood were determined by a breathing technique, 
which is a composite of the Plesch procedure as described by Peters and Van Styke 
(10), the Henderson and Prince method (ii) and the method of Bunvell and Robin- 
son (12). The method used was designed to eliminate some of the causes for criti- 
cism and include the advantages for each of the techniques. The procedure was 
carried out as follows: 

A rubber bag (fig. i, c) of about 1500 cc. capacity w^as filled with about 1000 
cc. of nitrogen. The nose of the subject was closed with a clip and he applied his 
mouth to the breathing tube at A , the stopcock B being turned so that he was con- 
nected with the outside air. The subject breathed normally for a short period, after 
which he emptied his lungs as deeply as possible by a forced expiration into the out- 
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side air and tlien quickly inlialed the entire content of the bag by adjusting the tliree- 
way stopcock. He then rebreathed deeply the mixture in the bag for 25 seconds, 
five respirations usually sufficing. At the end of the last e.\piration into the bag, the 
stopcock was again turned, shutting off the bag, and the subject removed his mouth 
from the breathing tube and breathed outside air. The procedure was repeated a 
sufficient number of times (with 3-minute intervals to allow for return of normal 
conditions of respiration and circulation) until constancy of composition was found 
in successive analyses. The gas samples for the analyses were removed at D. 
When the subject was at rest, constancy of composition was attained usually after 
about the fifth inhalation and exhalation procedure. Thus gas tensions in mb:ed ve- 
nous blood were determined indirectly by anatyzing carbon dioxide and oxygen ten- 
dons in alveolar air which has been retained in the lungs until equilibrated with those 
tensions in the mixed venous blood coming from the right ventricle of the heart. A 
more direct method would obviously be to analyze blood from a superficial vein, but 


Table 1. Absorption of oxygen as contained in air 


SAMPIX 

P OBSERITD 

t 

P CALCULATED 

A DEV. 

A* DEV. 


% 

min. 

% 



I 

20.93 

0 

20.59 

-0.34 

“0.12 

2 

17.98 

10 

18.03 

+0.05 

0.00 

3 

14.78 

25 

14.93 

■+O.IS 

+0.02 

4 

12.00 

40 

12.48 

4*0.45 

+0.23 

5 

9.87 

65 

9.46 

— 0.41 

-0.17 

6 

7-25 

95 

7.10 

-o.is 

— 0.02 

7 

5-39 

125 

5.61 

-f-o. 22 

+0.03 

8 

4.72 

155 

4.68 

—0.04 

0.00 

9 

3-39 

185 

3-10 

—0. 29 

— 0.08 

V 

-o-SS 





Equation: P calc. = 17.43 / 4 - 3.11 


this would be impractical for human subjects, while the method described is suffi- 
ciently approximate to direct blood analysis to warrant its more practical usage. The 
described technique is not to be confused with the more commonly used method of 
determining carbon dioxide and oxygen tensions of quickly expelled alveolar air in 
equilibrium with the arterial blood. 

RESULTS 

Absorption of oxygen. According to the diffusion theory, the rate at which a gas 
flows across a membrane is directly proportional to the difference in pressures on the 
two sides of the membrane, so that when oxygen, as contained in room air, is intro- 
duced into the colon, a pressure gradient exists between that- oxygen in the colon 
and the oxygen tension in venous blood. Therefore, absorption of the oxygen will 
take place mto the blood stream until this gradient approaches zero. 

_ A typical set of data is shown in table i, demonstrating a progressive decrease 
in the percentage of oxygen of one atmosphere during the designated intervals of 
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time, while figure 2 pictures a graph of these results in which tire changes in composi- 
tion of the gas samples were plotted as points describing a curve with the percentage 
of gas on the vertical axis against time on the horizontal axis. 

The type of progressive absorption observed here appears to follow an exponen- 
tial curve, and therefore, any equation to fit such a curve would have to be of the 
type P = ae"^ ' -j- c, where P is the pressure in percentage of one atmosphere, a is the 
effective initial pressure gradient, e indicates natural logs, k is the absorption coeffi- 
cient, t is time in minutes and c is a constant determining the limits of the curve and 
is assumed to be the gas tension in the venous blood. The equation, as calculated 
on the basis of that specific set of data shown in table i and figure 2, is observed to 
be P = 17.43 3.1 1, while the closeness of fit is indicated by a comparison 

of tire observed P with calculated P values. 

In figure 2 it is observed that the percentage of oxygen approaches and reaches 
equilibrium with the venous o.xygen tension in a period of 185 minutes. The graph 



Fig. 2. Absorption of oxygen as contained in air, showing the inward diffusion of carbon dioxide 
into the lumen of the colon. 

Fig. 3. Absorption of carbon dioxide as contained in a carbon dioxide-nitrogen mixture, show- 
ing the inward diffusion of oxj'gen into the lumen of the colon. 

also shows the counterprocess of diffusion, that of entrance of carbon dioxide into 
the lumen of the colon from the blood stream, and indicates the relatively short time 
in which the tension of carbon dioxide in the colon reaches the venous tension of 6.73 
per cent in this specific experiment, as indicated by the straight soHd line. The 
higher tension of carbon dioxide in the colon can logically be accounted for by that 
amount produced by the intestinal flora. 

Table 2 summarizes the results of ten experiments, indicating the equations for 
the absorption curves, the absorption coefficients as the k value in these equations, 
the statistical significance of the data, and a comparison of these k values and those 
calculated by Mclver on the basis of an equation derived on theoretical considerations 
already mentioned. His equation for calculating the k value is as follows: k = 

I [—log e {a — .v)], where {a — x) is the pressure gradient. 

The average equation is P = i 7 -i 3 ' -h 3.52, while the average k value 
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is — .01658 ± .0006, this average comparing favorably with tlie average k value of 
— .01638 calculated from Mclver’s equation. The statistical analyses show a high 
degree of significance for tire results. 

Absorption of carbon dioxide. Table 3 and figure 3 indicate the very rapid ab- 
sorption of carbon dioxide, the greatest volume of the gas being absorbed in the 
first twenty minutes and attaining a final equilibrium of 7.89 per cent m ninety 
minutes in this particular experiment. This equilibrium value compares favorably 


Table 2. Summary of results on absorption of 0 ; in the colon 


EXP. 

NO. 

EQUATION 

—h valve lb SE 

PRODA- 

EILITY 

MC IVTJl’.S 
—F VALVE 

I 

P = :7.38c-«‘3U' + 3.67 

.01971 4 - .00017 

.01 

.01838 

2 

P = + 4.25 

.01280 4 - .00007 

.001 

.01309 

3 

P = i4.osc~’"®^' + 3.22 

.01632 4 - .0001 

.01 

■OI 5 .S 4 

4 

P = i3.94C~'>'“®' + 4.13 

.01858 + .00015 

.0001 

.01881 

5 

P — I7.43e~“‘“3' + 3. II 

• 01553 +-00’ 

.0001 

•'31557 

6 

P — 1 7 . +3.46 

.01766 4 - .00014 

.0001 

.01683 

• 7 

P = i7.64c~“''‘“ +3.40 

.01611 4 - .0001 

.0001 

.01685 

8 

P = i8.3oc~'>''”‘ + 3.33 

.01667 4 - -OOP I 

.0001 

.01639 

9 

P = 17.646“''''®'’' +3.21 

.01669 4 - .pool 

.0001 

.01643 

10 

P = 17.936“'"'”' + 3.41 

.01573 +.0001 

.0001 

.01591 


P = 17.136“'""®' + 3.52 

.01658 + .0006 


.01638 


Table 3. Absorption of carbon dioxide in the colon 


SAMPLE 

P OBSERVED 

/ 

P CALCVLATED 

A DEV. 


% 

min. 

% 


I 

25.89 

0 

19.73 

— 6.16 

2 

20.00 

5 

18.07 

- 1.93 

3 

15.91 

10 

16.62 

4-0.71 

4 

12.56 

20 

14.27 

4-1.71 

5 

10.60 

35 

11.78 

4-1. 18 

6 

9.68 

so 

10.14 

4-0.46 

7 

8.64 

^ 1 

70 

8.79 

-fo.15 

8 

8.26 

90 

S.O3 

-0.23 

9 

7.89 

95 

7.90 

1 

4-0.01 

S 



“4. 10 


Equation; P calc. = i2.72e~''“®'’®‘ 4- 7.01 


with the venous blood carbon dioxide tension of 7.01 per cent. The equation describ- 
mg the curve for this experiment is P = 32.72 e 

irom the calculated pressure percentages of carbon dioxide that the derived equation 
fits the curve of absorption less accurately than for the absorption of oxygen Figure 
2 also shows the mward diffusion of oxygen from the blood stream, and again is seen 
o approach venous blood tension of 3.75 per cent, the actual value being some- 
w a ower than this venous tension for the same reason that carbon dioxide remains 
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at equilibrium above the venous tension, namely, the utilization of oxygen and the 
production of carbon dioxide by the metabolic processes of the intestinal flora. 

Table 4 summarizes the results of ten experiments, indicating the equations for 
the absorption curves, the absorption coefficients, the statistical significance of these 
data and a comparison of the k values and those calculated by Mclver’s equation. 

The average equation is P = 13.89 e t _j_ 5 35^ while the average k value 
is — .02884 =t: .0006, this value comparing less favorably with the average k value 


Table 4. Summary of results on absorption of CO2 in the colon 


EXPT. 

NO. 

EQUATION 

—k VALUE ± SE 

PROBA- 

BILITY 

MC IVTR’S 
~k VALUE 

I 

P = 9 . -p 8.05 

.02577 -f.0003 


.02772 

2 

P = i5.89e--'«M=' +6.39 

.02945 + .0004 


•03143 

3 

P = 12.726“*®®°®' -f- 7.or 

. 02805 -f- . 0003 


.03094 

4 

P = 15. 22e“'®°°*‘ -j- 6.92 

. 02904 -fi . 0004 


.03129 

5 

-P = +7.03 

.03000 4- .0004 

.001 

.03074 

6 

P = 14.516“*®®°*' 4-6.25 

.02894 -p . 0004 

,001 

•03154 

7 

P = i4.346“-<®®*®' 4-6.89 

.02892 4- .0004 

,001 

•03113 

8 

P = 13.416“-*®°®°' 4-7.42 

.02959 4- . 0004 

.001 

.03102 

9 

•P = 15 - 53 ®“*”““ 4-6.05 

.02641 4- .0014 

•05 

.02371 

10 

P = 14.266“-*’®°°*' 4-6.56 

.03221 +.0045 

.0001 

.03446 


P = 13.896“-'®®®*' 4 - 6.86 

.02884 4- .0006 


.03040 



Fig. 4. Absorption of nitrogen in the 
colon, showing the inward diffusions of both 
carbon dioxide and oxygen. 


of —.03040 calculated from Mclver’s equation, presumably because the constant 
production of carbon dioxide by the flora would act as an artefact in producing an 
absorption coefficient lower than any theoretical value. 

Absorplioii of nilrogen. By way of demonstrating the low absorbability of nitro- 
gen, figure 4 shows the effect of introducing this gas into the colon. It is observed 
that very little change in composition occurs, simply approaching the blood tension 
of the gas, which in this experiment is shown to be 79.40 per cent, no further absorp- 
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tion. taking place beyond this value. The graph also shows the inward diffusions of 
both oxygen and carbon dioxide into tlie intestinal lumen from the blood stream until 
they reach their respective venous blood concentrations. 

DISCUSSION 

Throughout this work, the importance of the venous blood gas tensions has been 
stressed in limiting the extent of absorption of gases from the colon. Oxygen, 
carbon dioxide and nitrogen transfer between the colon and blood stream occur at a 
rate commensurate witli phj^sical principles described by Mclver. This absorption 
rate of gas has been found to depend on the partial pressure gradient existing between 
the lumen of the colon and the venous blood. The results imply that the percentage 
volumes of gas compositions in intestinal flatus as discharged via the anus approx- 
imate die tensions of tliese gases in venous blood once an equilibrium has been es- 
tablished, with possible variations due to tire presence of different tjqies of intestinal 
flora. As one would expect, tlie predominant gas in sucli flatus is nitrogen. Once 
nitrogen has gained entrance into the intestinal tract, eitlier from swallowed air or 
by diffusion from the blood stream, it is not significantly reabsorbed, not only be- 
cause of its low diffusion constant and low solubility in blood, but also because the 
blood and tissues are already saturated with this gas existing there under a partial 
pressure of about four-fifths of an atmosphere and because this entire amount is held 
only in the form of a physical solution in tlie blood plasma. This is not the case with 
oxygen and carbon dioxide, which exist only to a small degree in physical solution, 
but are present almost wholly in chemical combination in the blood-. In connection 
with this, the very rapid absorption of carbon dioxide during the first 20-minute 
period, as seen in figure 3, is interpreted as not being strictly a diffusion process but 
a chemical effect; that is, the formation of bicarbonate in tlie blood catalyzed by the 
enzyme carbonic anhydrase. This could well account for the rather poor fit of the 
exponential equation to the experimental data. 

On the basis of averages obtained from numerous analyses of normal flatus, as 
expelled by way of the anus, and the experimental data aheady reported, such gas 
discharges are composed of 3.0% oxygen, 7.5% carbon dioxide and 80.0% nitrogen, 
the remaining 9.5% being divided between methane, hydrogen and other residual 
gases. These figures take into account the influence of the intestinal flora and in- 
dicate the deviation that could occur from the average venous gas tensions of 3.52% 
oxygen, 6.86% carbon dioxide and 80.0% nitrogen. 

In the light of the experimental results obtained, the lack of uniformity in 
agreement between previous investigators on the analyses of gastro-intestinal gases 
may be due, in part, to the interval of time elapsing between the introduction of the 
ga,s studied and the final analysis. It would appear that Fries’ analysis of methane 
is considerably higher than one would expect, while Planer’s analysis of carbon dioxide 
is in great excess of what would be expected on the basis of experiments reported here 
owing to the rapid diffusion rate of this gas. Both of these high percentages would 
produce a mtrogen value somewhat lower than might be anticipated, since such nitro- 
gen percentages are calculated by difference. 
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SUMMARY 

The absorption rate of gas in the colon of man depends on the partial pressure 
gradient existing between the lumen and the venous blood. The average venous 
blood tension of oxygen was 3.52 volume per cent (27 mm. Hg), proving to be the 
limiting factor in the extent of absorption of this gas from the colon. The same 
has been found to be true for carbon dioxide in which the average venous tension of 
6.86 volume per cent (52 mm. Hg) limits the extent of absorption for this gas. The 
high blood tension of nitrogen of about 80.0 volume per cent (608 mm. Hg) retards 
the absorption of this gas from the colon, thus explaining the predominance of this 
gas in intestinal flatus. 

The authors are indebted to Dr. Kenneth L. Blaster for advice on the statistical handling of the 

data. 
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EFFECT OF- NORMAL BLOOD SERUM AND BLOOD SERUM 
FROM NEOPLASTIC DISEASE ON CELL PROLIFERATION 
IN BONE MARROW CULTURES 

EARL R. NORRIS AND JOHN J. MAJNARICH 
From the Department of Biochemistry, University of Washington 

SEATTLE, WASinNGTON 

B lood semm and tissue extracts have been used by many investigators to 
furnish required nutrients in cell culture experiments. For the culture of 
bone marrow cells Osgood and Brownlee (i) suggest sterile serum or other 
special nutrient material. Hays (2), in measuring the reticulocyte increase in bone 
marrow cultures, found that normal human and rat blood serum gave an increase in 
reticulocytes, while a single sample of serum from a patient having pernicious anemia 
in relapse did not. Armburst and Bett (3) used a sheep serum media in stud3dng 
the effect of liver extracts on the migration of bone marrow cells in explants. Norris 
and Majnarich (4, 5) found that normal blood serum increased the rate of cell prolifer- 
ation in bone marrow and tissue cell cultures in vitro. 

A further study was made of the effect of blood sera upon cell proliferation of 
bone marrow cultures in vitro, A comparison was made between normal blood serum 
and the blood serum of individuals and experimental animals with neoplastic disease 
and other pathological conditions. 

In the present work beef bone marrow was used and was cultured according to the procedure 
previously outlined (4, 5). Ten mgm. of casein acid hydrolysate and 0.5 nigm. of tryptophane were 
added per ml. of bone marrow suspension. Supplements were added as indicated. The final volume 
in each vial of an experiment was the same. One-tenth ml. of normal blood serum added to 2 ml. of 
bone marrow suspension increased the rate of cell proliferation approximately equivalent to tlie 
increase caused by 5 7 of xanthopterin per ml. of bone marrow suspension. Normal human blood sera 
obtained from a blood bank fell within a relatively narrow range of resjjonse. The rcsjronsc was 
proportional to the amount of blood serum used in the test as is shown in following c.xperiments. 

Figures i to 4 show representative results obtained with normal and pathological 
human blood sera. The responses to xanthopterin and antixanthopterin are also 
included among the curves to furnish standards for comparison of response. 

Figure 4 gives a comparison of response to sera from cases of active tuberculosis 
and of bronchiogenic carcinoma. The serum from cases of active tuberculosis gave 
an increase in the rate of cell proliferation, while tliat from the cases of carcinoma 
mhibited proliferation to an extent equivalent to 5 7 of antixanthopterin per ml. of 
bone marrow suspension. 

In those conditions in which there was abnormal cell formation, or a neoplastic 
growth as in pernicious anemia, leukemia and neoplastic disease, there was a very 
marked change in the response of bone marrow cultures to the blood serum, in that 
cell proliferation was inhibited. 
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Curves J and K of figure 3 give the response in 2 pernicious anemia cases. All 
sera from pernicious anemia yet studied have shown approximately the same range 
of inhibition of cell proliferation. 

Curve J of figure 2 represents serum from myelogenous leukemia; curve D of 
figure 2 from chronic lymphogenous leukemia; and curve H of figure i, from chronic 
myelogenous leukemia. Sera from a number of other leukemias have been tested 
including an acute lymphatic leukemia, subleukemic type. All leukemias have 
shown a strong inhibitory effect on bone marrow and tissue cells in in vitro culture. 



cells in vitro. The following suppleSments were added including 0.1 ml. of blood serum from the con- 
ditions given: A, no supplement; B, $y ol xanthopterin per ml.; C, normal blood serum; D, cancer 
of the lung; E, aplastic anemia; F, papillary carcinoma of the bladder, grade IH; G, chronic mye- 
logenous leukemia; H, adenocarcinoma of the prostate; I, carcinoma of the kidney. 

Fig. 2. Eitecx of pteridines and blood serum on the rate of cell proliferation of bone marrow 
cells in vitro. The following supplements were added, including o.i ml. of blood s^um of the con- 
ditions given: A, no supplement; 5 , 5 7 of xanthopterin per ml.; C, normal blood serum; D, chronic 
lymphogenous leukemia; E, adenocarcinoma of the prostate; F, papillary carcinoma of the bladder, 
grade i; G, aplastic adenocarcinoma of the pancreas; B, cancer of the lung; I, adenocarcinoma of the 
prostate with metastases; J, myelogenous leukemia. 

A series of seven sera from human pregnancies gave a uniform response very 
close to that obtained in the controls with 110 supplement. 

Xanthopterin counteracts the inhibitory effect of serum from cases of neoplasm 
on the cell proliferation of bone marrow or normal tissue cell cultures. The response 
to xanthopterin, in the presence of blood serum from neoplastic disease was propor- 
tional to the concentration of xanthopterin in the same manner as xanthopterin 
coimteracts an antixanthopterin. 

A study was made of the response of bone marrow cultures to the serum of 
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rabbits inoculated with Brown-Pearce tumor. The tumor cells were inoculated into 
the muscle of the hind leg of each of 6 rabbits. Blood was drawn at intervals by 
cardiac puncture. 

There was a rapid change in the response of bone marrow cells in vitro to the 
blood serum of rabbits after inoculation with Brown-Pearce tumor as shown in 
figure 5. The normal rabbit serum produced an increase in the rate of cell prolifera- 



tion approximately equal to that produced by 5 7 of xanthopterin per ml. of bone 
marrow suspension. After inoculation with Brown-Pearce tumor there was a 
decrease m reponse which changed to an inhibition of cell proliferation. Ten days 

Cancer blood sera apparently contain an excess of a substance which will in- 
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hibit cell proliferation in bone marrow and normal' tissue cell culture. As the effect 
may be counteracted or reversed by xanthopterin, the effect has been referred to as 



Fig. 5. ErrECT of neoplastic 
DISEASE upon the response obtained 
when blood serum is added to bone 
marrow cultures. The following sup- 
plements were added, including o.i 
ml. of rabbit blood serum as given. 
The results are indicated as the per 
cent increase during a five-hour incu- 
bation: A, no supplement; . 5 , 5 7 of 
xanthopterin per ml.; C, normal rab- 
bit serum; D, blood serum of rabbits 
inoculated on zero day with Brown- 
Pearce Tumor. 



marrow cultures. The following supplements were added, including rabbit blood serum and serum 
from rabbits with Brown-Pearce tumor (B. P.) serum; A, no supplement; B, 2 7 of xanthopterin per 
ml.; C, 5 7 of xanthopterin per ml.; Z>, 5 7 of 2-aminO'4-hydroxj'-7-methyl pteridine per ml.; E, 0.05 
ml. of normal rabbit serum; F, 6.1 ml. of normal rabbit serum; G, 0.2 ml. of normal rabbit serum; E, 
0.05 ml. of B. P. rabbit serum; I, o.t ml. of B. P. rabbit serum; J, 0.2 ml. of B. P. rabbit serum; K, 
O.I ml. of normal rabbit serum and o.i ml. of B. P. rabbit serum; L, 0.2 ml. of normal rabbit serum 
and 0.2 ml. of B. P. rabbit serum; M, 0.1 ml. of B. P. rabbit serum and S 7 of xanthopterin per ml.; 
N, 0.2 ml. of B. P. rabbit serum and 10 7 of xanthopterin per ml.; 0 , 0.2 ml. of normal rabbit serum 
and O.I ml. of B. P. rabbit serum. 

that of an antixanthopterin. Figure 6 shows that the response to both normal 
(curves E, F, and G) and neoplastic (curves H, I, and J) serum is proportional to 
the amount of serum. The response with xanthopterin and an antLxanthopterin is 





June 1948 


SERUM AND CELL PROLIFERATION 


487 


given for comparison. Curv^es K, L and 0 of figure 6 show that the stimulating 
substance of normal rabbit serum and the inhibiting substance of the serum of tumor- 
bearing rabbits counteract each other in the same manner as do xanthopterin and 
antixanthopterin. 

One tenth ml. of tumor rabbit serum is counteracted by 5 7 of xanthopterin, 
curve M, and 0.2 ml. is counteracted by 10 7 of xanthopterin per ml. of suspension, 
curve N. 

All normal blood sera and blood sera from individuals or experimental animals 
with neoplastic disease do not exactly counteract each other in equal concentrations 
as in the example above. Both groups of sera give a range of response in bone mar- 
row culture. Human normal blood sera and sera from cases of neoplastic disease 
counteract each other proportionally to the individual effect of each on the rate of 
cell proliferation. 

There is present in normal blood serum a predominance of a substance which 
accelerates the rate of cell proliferation of normal bone marrow or tissue cells in 
vitro. Tliere is present in the serum from individuals with neoplastic disease a 
predominance of a substance which inhibits cell proliferation in normal bone marrow 
and tissue cell cultures iti vitro. It is probable that both a stimulating and an in- 
hibiting substance is present in all sera and the effect obser\’^ed is due to the relative 
concentrations at any given time or in an individual serum. 

SUilMARY 

Normal blood serum accelerates the rate of cell proliferation in bone marrow 
cultures in vitro. The blood serum from cases of pernicious anemia, leukemia and 
neoplastic disease inhibits cell proliferation in bone marrow cultures in vitro. The 
accelerating substance present in normal serum and the inhibiting substance present 
in blood serum from neoplastic disease counteract each other in their effect on cell 
culture in vitro. 
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EFFECT OF XANTHOPTERIN AND OTHER PTERIDINES ON 
THE RATE OF CELL PROLIFERATION IN 
TISSUE CELL CULTURES 

EARL R. NORRIS AND JOHN J. jMAJNARICH 
From the Department of Biochemistry, University of Washington 

SEATTLE, WASHINGTON 

I N 1939 Koschara and Haug (i) reported that xanthopterin (uropterin) was 
widely distributed in animal tissues and suggested that it had some function 
in metabolism which they believed closely related to the function of riboflavin. 
Xanthopterin stimulates hemapoiesis and Norris and Majnarich (2) have shoivn that 
xanthopterin within a narrow range of concentration will increase the rate of pro- 
liferation of both red blood cells (RBC) and nucleated cells (NC) in bone marrow 
cultures in vitro. Other pteridines have been studied (3), but none found which has a 
greater stimulating effect than xanthopterin. Two of the pteridines studied, 2-. 
amino-4-hydroxy-7-methyl pteridine and xanthopterin- 7-carbonic acid, were found 
to have a strong inhibitory action on the cell proliferation in bone marrow cultures. 

The present investigation is a study of the effect of xanthopterin and other 
pteridines on cell proliferation in a suspension of cells from tissues other than bone 
marrow. 

To prepare a uniform suspension of cells, portions of fresh tissue were disintegrated in a small 
stainless steel cup for the Waring blendor as described by Hofifstadt and Tripi (4). The tissue was 
obtained soon after death and cleaned of fat and extraneous material. The cleaned tissue was placed 
in the sterilized stainless steel cup together with Tyrode’s solution without glucose. After running 
the blendor for about one minute the resulting suspension was filtered through sterile gauze giving a 
uniform suspension of single cells. The suspensions of cells in Tyrode’s solution without glucose 
were treated in much the same manner as the bone marrow suspensions previously described (2, 3). 
Two ml. of the suspension were placed in sterile s ml. vials containing a glass bead. Amounts of 
solutions containing the nutrients and supplements to be studied were added, such that the total 
volume of material in each vial of a given series was uniform. The vials were sealed with a sterile 
rubber cap and rocked slowly in a water bath at sy^C. Aliquots were withdrawn at intervals by 
means of a sterile needle and cell counts made using the usual technique for counting white blood 
cells or the nucleated cells of bone marrow cultures. The results obtained in a few representative 
experiments are given in figure i. While the suspensions contained single cells there may be more 
than one t3q)e of cell in a suspension. The glandular tissues especially may contain different types 
of cells. Each vial contained 10 mgm. per ml. of acid-hydrolyzed casein, added as neutralized com- 
merical casein hydrolysate, 0.5 mgm. per ml. of tryptophane and supplements as indicated. 

All vials of a single experiment were prepared from aliquots of a uniform sus- 
pension of cells and the initial counts checked within the limits of error of counting 
technique. The conditions of the experiment were maintained uniform and after 
incubation the vials on each supplement checked within the limits of error in count- 
ing. In a representative experiment on cells of beef thyroid gland six counts on the 
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initial suspension gave an average of 4073 ±150 cells per cmm. After incubation 
the vials without supplement had an average value of 4960 cells per cmm. With 
5 7 per ml. of xanthopterin an average value of 7800 cells per cmm. with a standard 
error of 173 and a calculated significance factor compared to no supplement of 
1 1. 7 was obtained. Five gamma per ml. of 2-amino-4-hydroxy-7-methyl pteridine 
gave an average of 3400 cells per cmm. with a standard error of 156 and a t \ alue of 
6.7. Five gamma of xanthopterin and 5 7 of 2-amino-4-hydroxy-7-methyl pteridine 
gave an average of 4760 with a standard error of 89 and a i value compared to no 



Fig. I. ErrEci or pteridines upon the rate of cell proliferation in in vitro cultures of tissue cells- 
In graphs of the various tissues as indicated: Curve A has no supplement; curve B, 5 7 per ml. of 
xanthopterin; curve C, s 7 per ml. of 2-amino-4-hydrox>'-7-methylpteridine; curve D, 5 y per ml. of 
xanthopterin-7-carboxylic acid; curve E, 107 per ml. of 2-amino-4-hydroxy-7-methylpteridine; curveF, 
10 7 per ml. of xanthopterin-7-carboxylic acid; curve G, 5 7 per ml. of xanthopterin and 5 7 per ml. of 
2-amino-4-hydroxy-7-methylpteridine; curve H, 10 7 per ml. of xanthopterin and 10 7 per ml. of 
2-amino-4-hydroxy-7-methylpteridine; CKrffi /, 5 7 per ml. of xanthopterin and 5 7 per ml. of xanthop- 
terin-7-carboxylic acid. 

Graph I-E, the influence of varying concentration of xanthopterin on the rate of cell prolifer- 
ation; curve M, rat cartilage cells; and curve N, beef thyroid cells. 


supplement of 1.02, indicating that the two pteridine derivatives had counteracted 
each other and given essentially the same value as with no supplement. 

Under the conditions of the experiment, cell proliferation was observed in all 


'The following formulae were used for calculation: standard deviation a ■= A / 

• • • — H ~ I 

where x is an individual count and x is the average of n determinations in a given series. The stand- 
ard enor of the mean e = The significance factor, t = in which xi is the average 

result of one group a ’ ' ' ' 

is its standard error. 


standard error, x. is the average result from the other group and q 
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of the control groups of vials .without added supplement. The rate of growth in 
the control groups varied with the type of tissue cells and was greatest for liver cells. 
The rate of cell proliferation was accelerated in each tissue cell suspension by xanthop- 
terin and inhibited by 2-ammo-4'hydroxy-7-methyl pteridine and xanthopterin-7- 
carboxylic acid. As the inhibitory effect of the last two pteridines is counteracted 
by xanthopterin, the effect may be referred to here as an antixanthopterin effect. 

The optimum concentration of xanthopterin, for the cell proliferation in vitro 
in normal tissue cell suspensions studied, was 5 7 per ml., as is shown in figure lE for 
beef thyroid gland cell suspension and rat cartilage cell suspension, and in figure 3 
for a rat connective tissue cell suspension. 



[Fig. 2. Antagonistic effect of xanthopterin and antixanthopterins on the cell proliferation 
of beef thyroid cells in vitro. Curve A is without 2-amino-4-hydroxy-7-methylpteridine (7-MP); 
curve B is with 5 y per ml. of 7-MP; curve. C is rvith 10 y per ml. of 7-MP; curve D is with 5 y per ml. 
of xanthopterin-7-carboxylic acid. 

Fig. 3. Effect of pteridine and pteroyl derivatives upon the rate of cell proliferation in vitro 
of rat connective tissue cells. The supplements used were: curve A, xanthopterin; curve B, 2-amino- 
4-hydroxy-7-methylpteridine; curve C, xanthopterin-7-carboxylic acid; curve D, pteroylglutamic acid 
(folic acid); curve E, pteroyldiglutamyl glutamic acid (teropterin) ; curve F, pteroic acid; curve G, 
leucopterin. 

A mutual antagonism between xanthopterin and 2-amino-4-hydro.xy- 7-methyl 
pteridine has been previously shown for bone marrow cultures (3), such that if both 
substances are present in the same concentration they counteract the effect of each 
other. Curve G in figure lA and curves G, H and I in figure iF illustrate the same 
type of antagonism for tissue cell cultures. Concentrations of 5 7 and 10 7 of both 
substances give the same rate of cell proliferation as with no supplement. 

The effect of the balance in concentration of xanthopterin and antixanthopterins 
is also shown in figure 2. The apparent or observed optimum concentration of 
xanthopterin for cell proliferation is shifted by the addition of an antixanthopterin. 
Ten gamma per ml. of 2-amino-4-hydroxy-7-methyl pteridine is strongly inhibitory, 
and 157 per ml. of xanthopterin is also inhibitory, but together they give a stimula- 
tion of cell proliferation of thyroid cells equivalent to 5 7 per ml. of xanthopterin. 
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In addition to xanthopterin and an inhibitoiy ptcridine, figure 3 shows that folic 
acid (pteroylglutamic acid) and teropterin (pteroyltriglutamic acid) have no effect 
upon cell proliferation of tissue cells in vilro. Pteroic acid and leucopterin gave a 
slight stimulation of cell proliferation, but much less than xanthopterin. The effect 
of leucopterin and pteroic acid may be due to partial conversion to xantliopterin. 

SUiMARY 

Tissue cells were cultured in vilro for study. Xantliopterin increased the rate 
of cell proliferation in all tissue cell cultures studied. Two-amino-4-hydroxy-7- 
methyl pteridine and xanthopterin-7-carboxylic acid had an inhibiting effect on cell 
proliferation in tissue cell cultures which was counteracted by xanthopterin. 

There was a mutual counteracting effect in tissue cell cultures of xanthopterin 
and the inhibiting pteridines, which canceled the effect of each other on cell prolifera- 
tion when both were present in the same concentration. WHien present in unequal 
concentration the effect of the substance present in excess was observed. The 
intensity of the effect observed was proportional to the excess of one substance 
beyond that balanced in the solution by an equal amount of the other. 

Pteroylglutamic acid (folic acid) and pteroyltriglutamic acid (teropterin) had 
no effect upon the rate of tissue cell proliferation in vilro. 
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EFFECT OF PTERIDINES AND BLOOD SERUM. ON 
NEOPLASTIC CELL CULTURE IN VITRO 

EARL R. NORRIS AND JOHN J. MAJNARICH 
Frovi the Department of Biochemistry, University of Washington 

SEATTLE, WASHINGTON 

C ERTAIN pteridines and blood sera have been found to have a very marked 
effect upon the rate of cell proliferation in bone marrow and tissue cell 
cultures hi vitro, (i, 2). Of the pteridines tested upon normal bone marrow 
and tissue cell preparations, xanthopterin had the greatest stimulating effect and 
2-amino-4-hydroxy-7-methyl pteridine and xanthopterin-7-carboxylic acid strongly 
inhibited cell proliferation. Normal blood serum has a stimulating effect similar to 
xanthopterin on bone marrow and tissue ceU cultures in vitro. Blood serum from 
neoplastic disease, leukemia and pernicious anemia have an inhibiting effect (2) 
upon cell proliferation in vitro similar to the effect of an antixanthopterin. ' 

In the present paper the effect of pteridines and blood serums on tbcAate of 
proliferation in vitro of the cells of neoplastic growth is reported. 

Cell suspensions of the neoplastic tissue were prepared in a manner similar to the preparation of 
cell suspensions of normal tissue (2). As soon as possible after removal of the tissue, it, was disin- 
tegrated in a sterilized stainless steel cup (3) for the Waring blendor. Tyrode’s solution without 
glucose was added to the tissue. After disintegration the suspension was filtered through sterile 
gauze and the suspension of cells used in cell culture e.vperiments. The technique used in culturing 
the cell suspension was the same as that previously described for bone marrow cultures and normal 
tissue cell cultures (i, 2). Ten mgm. of casein hydrolysate and 0.5 mgm. of tryptophane were added 
per ml. of cell suspension. Supplements were added as indicated in the experiments, and the cell 
suspensions incubated at 37°C. 

Figure i shows the response obtained with rabbit Brown-Pearce tumor cells. 
The effect of pteridines is opposite to that obtained with normal cells as shown in 
figure lA. The cell proliferation of the cancer cells is strongly inhibited by xanthop- 
terin as shown by curves B, C and D. The rate of cell proliferation is increased by 
an antixanthopterin as shown in curve E for 2-amino-4-hydroxy-7-methyl pteridine. 
Xanthopterin and antixanthopterin counteract the effect of each other in the response 
with neoplastic tissue cells as with normal cells, curves F, G, H and I. ;; . 

Figure iB shows the counteracting effect of xanthopterin and antixanthopterin, 
which is very similar to the type of response obtained with normal cells (i, 2) except 
that the pteridines have the opposite effect. The apparent stoichiometric relation- 
ship in antagonism is present as it is with normal cells. . ' ' 

Figure iC shows the effect of normal sera and sera from neoplastic disease 
compared with that of the pteridines. Folic acid has no effect as shown in curve I. 
One-tenth ml. of normal serum inhibits cell proliferation of cancer tissue cells in 
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Fig. I. The eefect or fiemdijies and blood serum on the rate of cell proliferation of Brown 
Pearce tumor cells in vitro. Fig. lA. The following supplements were added: A, no supplement; B 
S t of xanthopterin per ml.; C, 20 7 of xanthopterin per ml.; D 30 7 of xanthopterin per ml.; £.57 
of 2-amino-4-hydrox}--7-inethyl pteridine per ml.; F, 5 7 of xanthopterin and 5 7 of 2-amino-4- 
iiydro^''7-methyl ptendine per ml.; G, 10 7 of xantliopterin and 10 7 of 2-amino-4-hydrox}'^-7-meth3'l 
ptendme per inl.; H, 20 7 of xanthopterin and 20 7 of 2-amino-4-hydroxy-7-meth3d pteridine per ml.: 
1 , 20 7 of x^t^pterm and 30 7 of 2-amino-4-hydroxj--7-methj’l pteridine per ml. 
f 11 ‘ rt • III counteracting effect of xanthopterin and antixanthopterin on tlie rate 

of cell prohferation of Brown-Pearce tumor cells in vitro. Each curve represents the following con- 
yriP P" cell suspension: A, none; B, 5 7; C, 10 7; D, 20 7.^ 
conditions including o.i ml. of blood serum from tlie 

D c -v f 5 7 of xanthopterin per ml.; C, lo 7 of xanthopterin per ml • 

blood senlm- T , pteridine per mi.; G, and E, normal human 

rectum- M VbtfdT^ gJutamic acid (folic acid); J and K, pernicious anemia; L, carcinoma of the 
carcinoTOrf Ke'cluT”’' ' ' "" “d"™! 0 . c«cinoma of the breast; P, adeno- 


2-amino 


Fig. iD Effect of varying concentration of the following supplements- A xanthontorin. r 
mo-4-hydrox3^-7-methyl pteridine; C, folic add (pteroyl gluuEcW); D, trjS^^ ’ 


wfro, to an extent about equivalent to that of 57 of xanthopterin 
pension as shown by curves G and H. 


per ml. of sus- 


_ The blood serum from persons with pernicious anemia a 
increases the rate of proliferation of cancer ceUs in vitro, as sho 
which may be compared with curx^es D, E and E. 


neoplastic disease 
by curves J to P, 
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Figure iD shows that folic acid and teropterin have little or no effect upon the 
rate of cell proliferation in cancer cell cultures in vitro. 

A spontaneous neoplastic growth appeared on one of the colony rats. The 
tissue of the rat neoplasm was cultured by the technique described above and the 
results are given in figure 2. The responses to pteridines, normal serum and serum 



Fig. 2. Effect of pteridines and blood serums on the rate of cell proliferation in vitro of the 
cells of a neoplastic growth from a rat. The following supplements were added, including o.i ml. of 
blood serum as given: A, no supplement; .B, 5 -y of xanthopterin per ml.; C, 10 y of xanthopterin per 
ml.; D, S -y of 2-amino-4-hydroxy- 7-methyl pteridine per ml.; E, 10 y of 2-amino-4-hydroxy-7-meth3d 
pteridine per ml.; E, 5 -y of xanthopterin and 5 t of 2-amino-4-h3'dro.xy-7-methj'’l pteridine per ml.; 
G, 10 y of xanthopterin and S t of 2-aminO'4-hydroxj’^-7-methj'l pteridine per ml.; H, normal human 
blood serum; I, human cancer serum. 

Fig. 3. Effect of pteridines and blood serums on the rate of cell proliferation in vitro of the 
cells of a neoplastic growth from a human thyroid gland. The following supplements were added, 
including o.i ml. of the blood se'rum given: A, no supplement; B, 1 y oi xanthopterin per ml.; C, 
5 -y of xanthopterin per ml.; D, 1570! xanthopterin per ml.; £,570! 2-amino-4-lwdrox>'-7-methjd 
pteridine per ml.; E, s 7 of xanthopterin and S 7 of 2-amino-4-hjfdroxy- 7-methyl pteridine per ml.; 
G, 10 7 of xanthopterin and S 7 2-amino-4-h}’^droxy-7-methjd pteridine per ml.; E, normal human 
serum; I, human cancer serum; J, pernicious anemia; K, mj'eloid leukemia. 


from neoplastic disease are the same as for the Brown-Pearce tumor cells reported 
above and opposite to those observed with normal tissue. 

Figure 3 shows tlie response with the cultured cells of a neoplastic growth of a 
human thyroid gland removed by surgery. Cell proliferation in vitro is retarded by 
xanthopterin and by normal blood serum. 
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The rate of cell proliferation in suspensions of neoplastig tissue cells is acceler- 
ated by an antLxantliopterin and by the blood serum from neoplastic disease, leukemia 
and pernicious anemia. Xanthopterin and 2-amino-4-hydroxy-7-methyl pteridine 
counteract the effect of each other in equal concentrations. 

There are distinctl)’- two types of cells; first, those in which the rate of cell 
proliferation in vitro is accelerated by xanthopterin and inhibited by antixanthop- 
terins, represented by normal bone marrow and tissues, and second, those cells in 
which cell proliferation is inhibited by xanthopterin and increased by antixanthop- 
terins, represented by the cells of neoplastic growth. The cells of bakers yeast 
belong to the first type. 


SUMMARY 

Xanthopterin strongly inhibits the cell proliferation in vitro of cells of neoplastic 
growth. AntLxanthopterins accelerate the rate of cell proliferation in vitro of cells 
of neoplastic growth. Xanthopterin and antixanthopterin counteract the effect of 
each other in equal concentration on the cells of neoplastic growth in vitro. 

Normal blood serum has an inhibiting effect upon the cell proliferation of the 
cells of neoplastic growth in vitro. The blood serum from individuals or experi- 
mental animals with neoplastic disease increases the rate of cell proliferation in 
cultures of cells of neoplastic growth in vitro. 
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EFFECT OF PTERIDINES AND BLOOD SERA ON HUAIAN 
BONE ]\1ARR0W CELLS IN VITRO 

EARL R. NORRIS and JOHN J. MAJNARICH 
From ihc Department of Biochemistry, University of Washington 
SEATTLE, WASHINGTON 

P TERIDINES and blood sera have been shown to have a marked effect upon 
cell proliferation in vitro of bone marrow cell suspensions of the rat, rabbit, 
cat, sheep and beef (i, 2). A stud)’- has been made of the effect of pteridines 



Fig. I, parts A, B and C. Eitect oe ptertoines on the rate of cell proliferation in vitro in 
human bone marrow suspension. The following supplements were added to the suspension: A, 
nothing; B, 5 -y of xanthopterin/ml.; C, 5 y of 2-amino-4-hydroxy-7-methj’l pteridine/ml.; D, 5 7 of 
xanthopterin and 5 7 of 2-amino-4-hj'droxj'- 7-methyl pteridine/ml.; £, 5 yof xanthopterin-7-carhox- 
ylic acid/ml.; F, 5 7 of xanthopterin and s 7of xa'nthopterin-7-carboxj’licacid/ml.; G, 10 7 of pteroic 
acid/ml. 

Parts D, E, and F. The counteracting effect of xanthopterin and antixanthopterin on the rate 
of cell proliferation in vitro in human bone marrow suspension. The curves represent the folio-wing 
supplements: A, no antixanthopterin; B, 5 7 of 2-amino-4-hydroxy-7-methyl pteridine/ml.; C, 10 7 
of 2-amino-4-hydrox>'-7-methyl pteridine/ml.; D, 5 7 of xandiopterin-7-carboxylic acid/ml.; E, 10 7 
of xanthopterin-7-carboxylic acid/ml. 
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and blood sera on the rate of cell proliferation in vilro of a suspension of human bone 
marrow cells. 

A portion of human rib bone was obtained from surgery as it was removed in an 
operation for lobectomy. A suspension of the bone marrow cells was prepared in 
Tyrode’s solution without glucose. The cell suspension was cultured by the tech- 
nique previously described (i, 2). Ten mgm. of casein hydrolysate and 0.5 mgm. of 
tryptophane were added per ml. of cell suspension. Supplements were added as in- 



_ Fig, 2, parts A, B and C. ErrECT of pxeridines and blood sera on the rate of cell proliferation 
in vitro in human bone marrow suspension. The following supplements were added: A, none; B, 
3 T of xanthopterin/ml.; C, 5 7 of xanthopterin/ml.; D, 5 7 of 2-an)inO'4-hydroxj'--6-methyl pteridine/ 
ml.; E, 10 7 of folic acid/ml.; F, 10 7 of pteroic acid/ml.; G, 5 7 of xanthopterin-7-carboxylic acid/ 
ml.; H, o.i ml. of human blood serum from a case of cancer; I, o.i ml. of human blood serum from a 
case of myebgenous leukemia; J, 0.1 ml. of normal human blood serum; , 5 7 of leucopterin/ml. 

Parts D, E and F. Effect of varying concentration of xanthopterin on the rate of cell prolifera- 
tion tn vitro in human bone marrow suspension. A, 6 hours incubation; B, 4 hours incubation. 


dicated and the rate of cell proliferation observed by making cell counts after periods 
of incubation at 37°C. The results are shown in figures i and 2. 

Figure i, parts A, B and C, shows that xanthopterin increases the rate of cell 
prohferation in vitro, in a human bone marrow suspension of both red blood cells 
(RBC) and total nucleated cells (NC). Ctirves C and E show the inhibiting effect 
of &e antixan&opterins, 2-amino-4-hydroxy-7-methyl pteridine and xanthopterin-7- 
carboxyhc acid The inhibiting effect of antkanthopterin is counteracted by 
mnthoptenn when present at the same concentration as shown in cunes D and P 

figureT“l,tdR' antkanthopterins is represented in 
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The optimum concentration of xanthopterin for cell proliferation in vitro of 
human bone marrow is approximately 57 per ml. of suspension. Folic acid (pteroyl- 
glutamic acid) has practically no effect upon cell proliferation . J..eucopterin increases 
the rate of cell proliferation but less than xanthopterin. 

Normal human blood serum, curve J, increases the rate of cell proliferation in 
vitro of human bone marrow cells approximately equivalent to 57 per ml. of xanthop- 
terin. The blood serum of persons with cancer, curve H, or with myelogenous leu- 
kemia, curve /, inhibit cell proliferation in human bone marrow cultures. 

The cells of human bone marrow respond to the pteridines and to blood sera in 
the same manner as the cells of bone marrow suspensions of experimental animals. 

SUMMARY 

Xanthopterin and normal blood serum increase the rate of cell proliferation in 
vitro in human bone marrow suspensions. Antixanthopterins and blood serum from 
individuals with cancer or leukemia inhibit cell prohferation in vitro in human bone 
marrow suspensions. Xanthopterin and antrxanthopterin counteract the effect of 
each other on human bone marrow suspensions. 
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estimation of cil\nges in plasma and extracel- 
lular FLUID VOLUME FOLLOWING CHANGES IN BODY 
CONTENT OF WATER AND CERTAIN SOLUTES, BY MEANS 
OF AN OSMOMETRIC EQUATION ' 

A. V. WOLF 

From the Department of Physiology and Pharmacology, Albany Afedical College, 

Union University 

ALBANY, NEW YORK 

I NVESTIGATORS (i-6) have employed or confirmed, for particular experi- 
mental conditions, the hypothesis that the concentration of total base through^ 
out the body water is approximately the same and that change in any portion 
is approximately equalled in all other portions. It has also been experimentally 
verified that changes in compartmental volumes are interrelated, e. g., under specific 
conditions of water loss or gain with or without loss or gain of osmotically active 
substances confined to the extracellular space. Lacking thus far is an integrated 
picture of the consequences of this hypothesis under all conditions in which the body 
might behave as a ‘perfect osmometer.’ 

It is often of interest to compare the actual effect of some procedure designed to 
alter plasma volume or extracellular volume with a value expected on the basis of 
osmotic equilibrium. Differences between experimental and calculated values serve 
to stimulate further inquiry since no large body of evidence indicates the gross un- 
tenability of the osmometer hypothesis. On the basis of this hypothesis, expected 
increments to plasma volume or extracellular volume are readily obtained b}’" the 
following osmometric equation (8) or its family of curves (fig. i). 

The derivation of this equation, or the osmometer hypothesis itself, is based on 
several assumptions. First, a load of water, whether positive or negative, is frac- 
tionally distributed among plasma, interstitial, and intracellular compartments in 
proportion to their actual volumes so that the ratio of increment to initial compart- 
ment volume is constant. Second, a load of solute, whether positive or negative, 
is confined to the extracellular space for the period of equilibration and is distributed 
between the plasma and interstitial volumes similarly in proportion to their actual 
volumes. Hetherington (7) has established the time for equilibration of a salt load 
in the cat as between 15 and 30 minutes, i. e., essential equilibrium obtains after this 
period. Third, the effective osmotic pressure within the intracellular space is equal to 
that osmotic pressure within the extracellular space at equilibrium. Fourth, the 
quantity of intracellular solute exerting effective osmotic pressure remains constant 
for the period of equilibration. 

IVhere Ve = initial extracellular fluid volume in liters, Vo = final extracellular 
Received for publication March 29, 1948. 
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fluid volume in liters, V; = initial intracellular fluid volume in liters, Vi = final 
intracellular -fluid volume in liters, W = initial total body water volume in liters. 



Fig. I. Relations between change in extracellular volume (or % change in extracellular 
volume or of plasma volume) and load of water. Based on a 70 kgm. man containing 14 1 . of extra- 
cellular fluid and 49 1 . of total body water. The hatched lines passing through the origin represent 
concentrations in equivalents per 1 . (I = L/Lhso) of administered or withdrawn NaCl solutions, relat- 
ing .change in extracellular volume to volume of administered or -withdrawn solution. At high I 
values, appreciable de-viations from rectilinearity appear. Each of the parallel lines crossing the 
coordinates represents a given load of NaCl in equivalents (L). By inspection we see that a water 
load of 1 1 . containing a load of NaCl of 0.15 equivalents leads to an increment in the extracellular 
volume of 1 1 . [Erect a perpendicular from the absdssal water load of -|-i.o liter until it meets line 
L = 0.15. From this point (also common to the line I = 0.15) a perpendicular can be dropped to 
the ordinate at -j-i.o liters change in extracellular volume.] 

In the first and third quadrants the listed concentrations are positive since both salt and water 
loads are positive or negative at the same time. The second and fourth quadrants contain 'negative’ 
concentrations where the loads of salt and of water have different signs at the same time. 

(Theoretical reasons may be given why the change in plasma volume should not change strictly 
in proportion to the interstitial. It is in cognizance of this and to point up the heuristic value of 
deviations that such changes are indicated on the graph, which would occur if they were simple 
osmometric ones.) 

W' = final total body water volume in liters, A = initial concentration in extra- 
cellular and in intracellular compartments in osmols per liter. A' = final concentra- 
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tion in extraceUular and in intracellular compartments in osmols per liter, L - load 
of solute in extracellular compartment in osmols, and Ln„o = load of water in 
liters, then 

.W' = W-fLH.o, 


Vi = W - Ve, 
V'i = W'-V:, 
VoA 4 - L 

From the second assumption, A = 


(2) 

(3) 

(4) 


, Vi A 

From the fourth assumption, A = . 


(5) 


Table 


DATA OF ELKIKTON AKD WIKKLER (8) AND OF T\TKKLER, EtKlNTON, HOPPER, 

AND HOFF (S) 

FRO« EQUATION 
(8) 

% 

, DIFFERENCE 

Dog. no. 

Body wt. 

LH;0 

L 

E' 

V'c 

lOOfE' - 
Vi)/Vi 


kgm. 



1 . 

i. 


16 

1 6.16 

1 +0.14 

4-0.214 

2.27 

2 - 3 S 

- 3-4 ■ 

17 

6.70 

1 - 0-32 

-bo. 071 

I .81 

1 1-84 

— 1.6 

18 

5 - 5 ° 

—0. 28 

4-0.081 

1.38 

1-57 

4-0.6 

21 

7-95 

-0.37 

4-0. 116 

1 2.28 

2.28 

0.0 

21 

7-95 

—0.26 

-0.031 

1-93 

1-75 

4-10.0 

iiE 

12.22 

-0.31 

4-0.230 

3-65 

3.80 

- 3-9 

iiE 

'12.22 ' 

— 0.62 

-0.179 

2. 36 

1-93 

4-21 .0 

iiD 

12.22 

—0.18 

— 0.009 

3.06 

2 .96 

4 - 3-4 

27 

7-85 

— 0.02 

■4-0.366 

3-33 

3-09 

. I 

28 

7.9s 

— 0.40 

-4-0.300 

2-73 

2.77 

-1.4 

Averages 

2.50 

2.44 



* L is the ayerage of the loads of Na and of Cl; E' is the average of the final extracellular volumes 
calculated both from Na and from Cl loads and concentrations. 


(\\r __ V )A 

Combining (2) and (3) with (5), A' = . (6) 

Combining (4) and (6), y ' ' (?) 

Solving for Ve and combining with (i), 

V' = W^CVeA 4 - L) _ (W 4 - LH,o)(VeA 4 - L) 

' WA 4 -L ~ WA 4 -L ' 

To the extent that the osmometer hypothesis is valid, equation 8 may be used 
to estimate changes in plasma or extracellular volume when the other factors in the 
equation are either measured or taken at commonly accepted normal values It 
neglects tissue pressures, ordmarily insignificant. A plot of a few of the family of 
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cun'^es generated by this equation is shown in figure i. Concentrations and loads 
of solutes are generally best expressed in terms of osmols but in the case of NaCl 
the approximately 0.3 osmols per liter concentration of extracellular fluid may be 
taken as 0.15 equivalents per liter. 

Application of the Equation. Elkinton and Winkler (8) and Winkler, et al. (5) 
give data on dogs subjected to varying loads of NaCl and water which permit cal- 
culation of final extracellular fluid volumes bj’’ means of equation 8. Their own 
calculations are based on an assumed original extracellular volume equal to 25 per 
cent of the body weight, and the formula the}'- use has the form of equation 4. 


E' = 


EA -f L 
A' ’ 


(9) 


where E and E' respectively are the initial and final extracellular volumes, A and 
A' are the initial and final measured concentrations of either Na or Cl in extracellular 
fluid and L is the load of either Na or Cl. 

For purposes of comparison between E' as determined experimentally by the 
above workers and Ve solved from equation 8, Vc is taken as 25 per cent of the body 
weight and A is taken at their figure of approximately 0.14 equivalents per Uter. 
Body water, W, is taken at 70 per cent of body weight (table i). 

The agreement (between 2.5 per cent; average deviation 4.9 per cent) between 
the method based on determining concentrations in extracellular water and the osmo- 
metric one proposed is not presumed to argue either in favor of the applicability of 
equation 8 or of the precision of the data reviewed. The magnitude of the dis- 
crepancies is taken to indicate the degree to which the fluid compartmental system 
fails to behave as a perfect osmometer. The figures presented suggest that these 
particular compartmental exchanges parallel closely those of a perfect osmometer. 


SUMMARY 

An equation for a ‘perfect osmometer’ is derived, defining relations among 
volumes of extracellular and intracellular fluid, loads of certain solutes substantially 
confined to the extracellular space and loads of water. A family of curves defined by 
this equation is indicated graphically. Osmometric changes in extracellular volume 
following loads of water and salt are shown by sample computations from datadn the 
literature. 

k 
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O NE of our purposes in this series of studies is to characterize the capillary 
wall in terms of. its relative permeability to the constituent substances of 
the blood plasma. Using the tracer technique, we have previously deter- 
mined the rate of exchange, in the guinea pig, of sodium and water of plasma with 
that-of extravascular fluid (i, 2). The present experiments have as their objective 
an evaluation of the rate of escape of iron from the plasma of the guinea pig. As 
shoiTO by E. J. Cohn (3), iron in the plasma is present as ferric betai-globulinate. 
That iron crosses the vascular wall promptly is evident from the e.xperiments of 
Granick and Hahn (4) and from our own observations on fetal uptake of iron from 
the maternal plasma (5). The state in which iron crosses the vascular wall from 
the plasma to the extravascular fluid is unknown. There is no evidence to contradict 
the view that it escapes from the plasma as the betai-globulinate but it is possible, 
until demonstrated otherwise, that iron is freed from this molecule within the endo- 
thelial cells of the capillaries and moves into the extravascular fluid in some other 
form. Except for purposes of discussion, we shall consequently make no assumption 
about the form in which iron crosses the capillary wall. 

METHODS 

In our experiments with deuterium oxide and with sodium and chloride tagged 
with a radioactive isotope, the experimental procedure consisted of intravenous in- 
jection of the tracer substance and determination of its subsequent decrease in 
concentration in the plasma. The same procedure is not necessarily valid with iron 
since the iron of the plasma is present not as ferric ion but as ferric betai-globulinate 
(3). Whether intravenous injection of a ferric salt, therefore, is acceptable depends 
upon the rapidity and completeness with which ferric ions combine with betai- 
globulin. Because of this uncertainty, our first effort was directed toward obtaining 
a reliable source of ferric globulinate labeled ivith radioactive iron. This was achieved 
by a procedure suggested by the experiments of Hahn and his associates (6). Guinea 
pigs w eighing from 500 to 1000 grams were bled 5 to 10 ml. every other day by ca,rdiac 
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puncture until 25 to 45 per cent of the calculated blood volume (i) had been with- 
drawn. In order to reduce the iron stores of the body, the animals were maintained 
on a diet relatively low in iron and calories (small amounts of cabbage and carrots) 
supplemented with vitamins for from 6 to 14 days following the first bleeding. From 
I to 1.5 mgm. of radioiron (Fe*) as ferrous chloride was then introduced into the 
stomach by tube. Two and a half to three hours later the animal was bled with 
needle and syringe from a carotid artery and heparin added to the blood.. From 
6 to 10 ml. of plasma with about 2 micrograms of radioiron per ml. were obtained 
from each animal in this way. 

Because the preparation of plasma containing radioiron in the’ manner described above is labori- 
ous and inconvenient, we attempted to find a simpler and equally acceptable method. Our criteria 
for an acceptable method were as follows; 1) the curve describing the disappearance of the tagged iron 
from the plasma of the transfused animal must have the characteristics of that obtained with the 
tagged ferric betai-globulinate synthesized by the anemic animal and 2) extrapolation of the disap- 
pearance curve to zero time must 3'ield an initial, theoretical concentration of radioiron compatible 
with the value calculated from the total amount injected and the predicted plasma volume of the 
animal. In the method first attempted, radioiron as ferric chloride was added in vitro with vigorous 
stirring (in amounts varying from i to 10 micrograms per ml. of plasma) to plasma obtained by bleed- 
ing a guinea pig. This plasma was then injected into a carotid artery’ of a recipient and the loss of the 
radioiron from the plasma followed as a function of time. A tiT^ical experimental result with this 
method is shown in figure i. There was a rapid loss of radioiron from the plasma during the first 20 
or 30 minutes of the experiment. This was followed by a slow decrease in concentration; this second 
portion of the curve had the same characteristics as that observed with the tagged plasma synthe- 
sized by the anemic animal (compare fig. 2). The plasma volume obtained by extrapolation of the 
second portion of the curve to zero time was of course impossibly high; in the experiment of fig. i, it 
amounted to 80 ml. whereas the anticipated volume on the basis of 4.3 ml. plasma per 100 gram body 
weight (i) was 34 ml. VVe suppose that when Fe*Cl.i is added to plasma in vitro only a part of the 
iron combines with globulin and the remainder, at the pH of the plasma, exists in some other form 
perhaps as the hydroxide and ascorbate. When this mixture of ferric compounds is injected into an 
animal, all but the globulinate are rapidly lost from the circulation, and after a short period the 
radioiron remaining in the plasma is present as the globulinate. 

If this explanation is correct, it should be possible to prepare the globuUnate by 
injecting a small amount of radioiron intravascularly into a donor and after an ap- 
propriate interval bleeding the animal for its plasma. This is the procedure which 
we have adopted. We have injected into the donor a maximum of 140 micrograms of 
Fe* as ferric chloride, waited a minimum of 30 minutes, then bled the animal from 
the carotid artery. ■ Plasma prepared in this way contains about i microgram of Fe* 
per ml. and behaves on transfusion, into a recipient, just as does labeled plasma syn- 
thesized by the anemic animal. The rate of disappearance from the blood stream in 
both instances is alike and both preparations yield plasma volumes which are in the 
range calculated from data obtained with the dye T-1824 (i). 

The plasma containing labeled ferric betai-globulinate was transfused into a 
recipient under nembutal and ether anesthesia. A common carotid artery of the 
recipient was exposed, the artery ligated high in the neck and a bull-dog clamp placed 
on a proximal portion. The wall of the carotid between the ligature and clamp was 
then incised but not severed and a No. 19 three-inch needle with blunt point intro- 
duced into the lumen of the artery. The needle was secured in place by a bull-dog 
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Fie I. Loss OF RADIOIRON from plasma of recipient transfused with plasma to which radioiron 

was added in vitro. The value at zero time was calculated from the amount of Fe transfused and 
the plasma volume of the animal. 



Fig. 2. Change in concentration of labeled ferric betai-globulinate in the plasma with respect 
to time after intravascular injection. R has been derived by dividing the decrement for any period 
in the logarithm to the base 10 of the concentration of Fe* by the corresponding time in minutes and 
multiplying by 2.3 to convert the logarithm to base e. Half-time is equal to the time necessary for 
half the Fe* present at any instant to disappear from the plasma. Only the second rate of experiment 
RP7 has been plotted (cf. fig. 1). 
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clamp placed on the wall of the vessel around the needle. Five to 7 ml. of blood were 
withdrawn from the artery and the animal then transfused with 6 to 8 ml. of plasma 
containing radioiron. Transfusion was without any untoward S3anptoms. From 3 
to 6 samples of blood with a total volume not e.xceeding 16 ml. were taken at inter- 
vals from 5 to 150 minutes after the transfusion (time after transfusion was counted 
from the time when half the plasma had been injected). This amount of bleeding 
was found to be without significant effect on the hematocrit. The blood was added 
to oxalate and plasma obtained for measurement of radioactivity. 

The radioiron was prepared in the Carnegie cyclotron by deuteron bombardment 
of iron electroplated onto a copper target. It was purified either by the method 
of Peacock, Evans el al. (7) or by repeated extractions with 8N HCl of the ferric 
chloride dissolved in iso-propyl ether (8). The specific activity, as measured under 
our standard conditions varied, depending on the sample, from 1.5 to 8 counts per 
second per microgram. Samples of plasma were prepared for measurement of radio- 
activity as previously described (8). This consisted essentially of evaporation to 
dryness in an oven at 100° C. after addition of concentrated HNOs and 3 mgm. of 
carrier iron as ferric nitrate, ashing in a muffle furnace at 45o°-5oo°C., conversion 
to chloride salts, solution of the ash in saturated ammonium oxalate and electro- 
deposition of the iron onto a copper disc. The radioactivity was measured with a 
bell-shaped, self-quenching Geiger-Muller tube with a mica window weighing 3.3 
mgm./cm^. Results were expressed in terms of microgram of Fe* per ml. plasma by 
referring each measurement to the radioactivity of a standard disc on which was 
plated a known quantity of tagged iron. To assure a standard deviation of 1.4 per 
cent, approximately 10,000 counts were taken on each sample. 

RESULTS 

The data are presented in table i. In order to place them on a common basis, 
as in figure 2, all experiments were adjusted to the same initial concentration of 
labeled ferric betai-globulinate in the plasma. The initial concentration in each 
experiment was obtained by extrapolating the disappearance curve to zero time. 
This initial concentration, which varied among the 8 animals but averaged about 
0.25 microgram Fe* per ml. of plasma, was multiplied by whatever factor was neces- 
sary to convert it to a standard concentration of 0.25 microgram Fe* per ml. of 
plasma. Subsequent plasma concentrations in any one animal were then multiplied 
by the same factor. 

To derive the rate of movement of normally occurring iron out of the capillaries 
it is assumed that the amount of labeled iron lost from the plasma per unit of time is 
proportionate to i) the number of microgram of normally occurring iron which move 
from plasma to extravascular fluid per unit of time and 2) the proportion of the iron 
in tlie plasma which is labeled with radioactive iron. From these assumptions, the 
change in amount of labeled iron per unit of time is given by: 

dFep _ Fe* 

dt Fcp 


(i) 
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where r = microgram of untagged, normally occurring iron which escapes from the 
capillaries per unit of time, Fe*,, = microgram of labeled iron in the plasma at any 
time, t, and Fcp = microgram of untagged iron intrinsic to the plasma. 


Table i. Change of concentration of intravascularly injected, labelled ferric 

BETAi-GLOBULINATE WITH TIME 




METHOD OF 
PREP. OF 
Fc*-plasma 

Fc'-plasita 

TIME AFTER 

Fc*/ml. 

FcVml. 

PLASMA' 

PLASM^V VOLUME 

EXP. NO. 

ANIMAL 

TRANSFUSED 

FUSION 

PLASMA 

Found 

Anticipated 




microem. Fe* 

min. 

microgfft. 


ml. 

ml. 

RP4 

661 

A 


10. 0 

0.05 

0.243 







20.9 

0.61 

0.228 







40.5 

O.S 7 

0.213 







49-5 

0.56 

0.209 







65.0 

0.51 

0. 190 







81. s 

0.49 

0.183 



RP5 

S 3 1 

B 

2 2 

10. 0 

0.857 

0.248 

2S 

29 





20.0 

0.822 

0.235 







30-5 

0.790 

0.226 



RP7 

787 

A 

100 

30.3 

i.i6 

0.232 

So 

34 





50.1 

1 .05 

0.210 







91.2 

1.02 

0.205 







132 

0.900 

0.180 







ISO 

0.864 

0.174 



RPio 

610 

B 

5*5 

7.0 

0.204 

0.238 

26 

31 





IS-S 

0.182 

0.214 







62.5 

0.107 

0.119 



RPii 

770 

C 

S -4 

7.0 

0.188 

0.243 

28 

38 





30.0 

0.168 

0.219 







60.0 

0.156 

0.203 



RP12 

811 

B 

16 

6.0 

0 . 4 SS 

0.244 

33 

38 





IS-S 

0.418 

0.224 







40.0 

O. 3 S 0 

0.187 



PTP I 

500 

C 

7.0 

16 

0.246 

0.234 

27 

24 





61 

0.154 

0.146 







no 

0. II2 

0.106 



PTP 2 

460 

C 

7-1 

24-3 

0.330 

0. 217 

19 

24 





SS-o 

0.267 

0.176 







no 

0.115 

0.076 




A — plasma prepared by addition of Fe*Cl3 in vitro; B = labelled plasma synthesized by 
an anemic animal; C = plasma obtained from a donor injected with Fe*Cl3'Co = initial concentra- 
tion. 


The anticipated plasma volume was obtained on the assumption that the average plasma 
volume = 4.3 ml per 100 gm. body weight (i). Animals PTP i and 2 were pregnant. 

^ Adjusted to Co (initial concentration) = 0.25 Rg. 


To express equation 2 in terms of concentration of labeled iron, C*p, in the plasma, 
It is necessary to divide through by the volume of the plasma which gives 


(2) 


dt 


Fe.; 


— r 
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Integrating equation i and solving for the constant of integration by placing 
t = 0 gives 

(3) In Ct = -Rt + In Co 

where R = r/Fep = the proportion of the iron of the plasma which escapes from the 
plasma into the extravascular fluid per unit of time and C+o is the concentration of 
labeled iron at t = 0. 

Equation j states tliat the concentration of labeled iron in the plasma diminishes 
in such a way that the logarithm of the concentration is a linear function with time. 
In exponential form equation 3 may be expressed as 

C*t = Coe-^^ 

which states that the concentration of the tagged material is reduced by a constant 
proportion per unit of time. 

If this treatment is correct, we would expect when the natural logarithm of the 
concentration of radioiron in any experiment is plotted against time that the points 
would fall about a straight line the slope of which would be equal to R, the proportion 
of the iron which escapes from the plasma per unit of time. That this is the case 
may be seen in figure 2. The accuracy with which the slope can be fixed in a single 
experiment can be judged from experiments RP7 and RPio of figure 2. The slopes 
in 6 of the experiments fell so nearly into 2 groups that they have been presented in 
this manner in figure 2 for the sake of simplicity. It will be noted that the logarithm 
to the base 10 of concentration has been used in figure 2 and that R is therefore equal 
to the slope multiplied by 2.3. 

Considerable variation in the rate at which iron is lost from the capillaries is 
evident among the 8 animals. In the guinea pig with minimal rate, only 0.0025 of 
that present was lost per minute; in the guinea pig with maximal rate, o.oii was lost 
per minute. Six of the 8 animals had rates of loss which varied from 0.0039 to 
0.0072 of that present per minute, or expressed in other terms, one half of the iron 
present at any instant was lost from the plasma in 177 minutes in one group and 96 
minutes in the second group. The first of these groups consisted of 3 animals, one 
of which received by transfusion labeled globulinate synthesized by the anemic 
guinea pig; one, labeled globulinate prepared in vitro and the third, labeled globulinate 
from a donor injected with Fe*Cl3 about 30 minutes before bleeding. In the second 
of these groups, one animal received by transfusion labeled globulinate synthesized 
by the anemic animal and. the other two labeled globulinate from a donor injected 
with Fe^Ch. It is evident from figure 2 that the characteristics of the disappearance 
cur\'e are independent of the method of preparation of the labeled globulinate. 

As can be seen in table i, plasma volumes calculated from the disappearance 
curv^e of tagged ferric globulinate synthesized by the anemic animal or obtained from 
a donor injected with Fe^Cls are in the predicted range although, except in one 
instance, they are lower than the average for the guinea pig found with the dye 
T-1824 (i). 

DISCUSSION 

It will be noted that the rates are calculated from data which have been obtained 
within an interval not exceeding 150 minutes after transfusion. Because of the size 
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of the animals, it has been difficult to obtain a sufficient number of blood samples to 
follow further the variation in concentration. It is possible that more than a single 
rate is involved in the disappearance of radioiron from the plasma and that subsequent 
rates would not be evident during the time of our observations. It is to be e.xpected, 
however, that these additional rates, if existent, are relatively slow and would not 
alter considerably the initial rate of disappearance as we have calculated it for each 
animal. Evidence confirming the view that these rates at best must be slow has 
come from measuring the concentration of radioiron in the plasma of 2 guinea pigs 
24 hours after transfusion. In these 2 cases the concentration of radioiron was within 
the limits predicted from extrapolation of the extremes of the initial rates given in 
figure 2. 

The contrast between the permeability of the capillaries to sodium and water 
on the one hand, and iron on the other is a striking one. In the guinea pig, 60 per 
cent of the sodium and 146 per cent of the water of the plasma is exchanged each 
minute with extravascular sodium and water. Only 0.3 to i per cent of the ferric 
globulinate is lost from the plasma per minute. If the capillaries were equally per- 
meable to all these substances, their rates of turnover in the plasma would be identical. 
The results permit us to say that the capillaries are at least 100 times as permeable to 
water as to iron. 

As stated in the introduction to this paper, it is not certain that iron crosses the 
capillary wall as the betai-globulinate but if this assumption is made the results are 
consistent with current concepts. The difference in permeability to water and ferric 
globulinate is as would be expected from their difference in mass. The finding that 
the capillary wall is at least 100 times as permeable to water as to iron would mean in 
terms of this assumption that fluid passing through the capillary wall contains one 
per cent or less of the ferric globulinate of the plasma and fits Landis’ (9) statement 
“that the capillary endothelium can, and often does, retain 95 per cent of the plasma 
protein.” We are currently endeavoring to put this assumption to further test. 

The disappearance curve of intravenously injected tagged sodium and D2O is 
characterized by the establishment of an equilibrium concentration in the plasma 
approximately 10 minutes after the injection. The disappearance curve of labeled 
ferric globulinate, however, up to a period of 150 minutes after intravascular injection 
shows no indication of return of labeled iron from the extravascular fluid to the 
plasma. This is equivalent to saying that iron lost from the plasma is returned 
relatively slowly and is not remarkable if it is supposed that extravascular iron com- 
bines with apoferritin and that iron must be split from ferritin before reappearing in 
the plasma. 


SUMMARY 

With ferric betai-globulinate tagged with radioactive iron as the tracer material, 
the rate of transcapillary exchange of iron has been determined in the guinea pig.' 
Only from 0.3 to i per cent of the iron of the plasma is exchanged per minute. On the 
assumption that iron crosses the capillary wall as ferric betaj-globulinate, it can be 
said that the capillaries are at least 100 times more permeable to water than to the 
globulinate. 
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It appears that tagged ferric globulinate prepared by intravascular injection of 
Fe*CIs into a donor animal followed by exsanguination 30 minutes later is acceptable 
for measurement of plasma volume in laboratory animals. 
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N ATURE’S provision of a sympathogenic mechanism for rapidly inducing 
generalized vasoconstriction in the event of a severe hemorrhage is common 
knowledge. That the latter greatly reduces the circulatory capacity, and 
simultaneously redistributes considerable volumes of blood from so-called ‘luxury’ 
organs to those structures whose function is vital for immediate survival, is fully 
recognized. This initial beneficial influence of vasoconstriction permits greater loss 
of blood without the development of hemodynamic crises. 

The realization of the possibility that continuance of severe vasoconstriction in 
addition to the arterial hypotension incident to hemorrhage may prove ‘deleterious’ 
is much less commonly expressed in the literature. Yet there is considerable in- 
direct evidence available to support this contention. That vasoconstriction increases 
in severity as impending shock progresses towards irreversibility through elaboration 
of humoral vasoconstrictor agents is seen from the reports of Page ct al. (3, 4) and 
Zweifach el al. (5). This would certainly tend to further aggravate tire blood supply 
to large areas which had already been severely reduced by low arterial pressures and 
reflex vasoconstriction. Introduction of pressor drugs during a severe hemorrhagic- 
hj^iotension (6-8), thus inducing eyen greater vasoconstriction in tlie ‘luxury’ struc- 
tures, seems to accelerate the transition from impending to irreversible shock in spite of 
temporary elevations of blood pressure in the reduced circulation. Over a decade 
ago, the reports of Freeman el al. (9, 10) not only substantiated the significance of 
the ‘initial beneficial influences’ of vasoconstriction but also suggested the ‘secondary 
detrimental influences’ of prolonged vasoconstriction. Further indirect evidence of 
the possible harmful effects of protracted vasoconstriction was accumulated by tliese 
investigators (11) while reproducing the clinical syndrome of shock with continuous 
infusion of adrenalin. 

It seemed advisable, therefore, to investigate further tlie influence of vasocon- 
striction upon the course of events in a hemorrhagic procedure standardized to induce 
an irreversible shock state within a 90-minute experimental period. The plan was 
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to compare the survival rates of a series of control animals with those of another 
group deprived of their sympathogenic vasoconstrictor mechanisms. It was con- 
cluded that if the survival rates were significantly greater among the latter group, it 
would definitely indicate the deleterious influence of protracted vasoconstriction. 
The advent of the adrenergic blocking agent, dibenamine hydrochloride (12), pro- 
vided a means of blocking sympathogenic vasoconstrictor mechanisms of humoral 
origin and of reducing, if not completely blocking, those of refle.v origin, without the 
necessity of recourse to surgical sympathectomy and its undesirable features. 

EXPERIMENTAL PROCEDURES 

Though the procedures for inducing the impending and irreversible hemorrhagic 
shock states were essentially those standardized previously in this laboratory (ii), it 
has been suflficiently modified to require brief description. , 

Femoral arteries and veins were isolated and cannulated under local procaine hydrochloride 
anesthesia. Following the customary period for control observations, the dogs were bled rapidly 
(5-7 mgm/kgm/min.) into a graduated cylinder containing adequate quantities of the anticoagulant, 
Liquaemin.^ This was terminated when the desired hj-potensive level was attained. The latter 
level was constantly maintained for 90 minutes thereafter by means of an automatic pressure stabiliz- 
ing device. In this way the more laborious and less accurate manual techniques used in previous 
investigations were obviated. A calibrated reservoir bottle, partially filled with some of the with- 
drawTi heparinized blood, w'as connected to the side arm of a femoral arterial cannula. This reservoir 
was then elevated to the level required to maintain the established hypotension level. Thus, any 
tendency for the arterial pressure to rise above 40-43 mm. Hg was abruptly arrested by automatic 
bleeding from the dog into this reservoir. Contrarily, any tendency for arterial pressure to decline 
belo>v the established level was prevented by an immediate automatic infusion of withdrawn blood 
from the reservoir into the animat. At the end of the 90-minute hj-potension period, all remaining with- 
drawn blood was reinfused via a femoral vein. The operative sites were then sprinkled with sulfanil- 
amide powder and'sutured. Upon return to their quarters, the animals were permitted limited quan- 
tities of water only for the next 18 hours. Those animals which were alive on the 4th post-operative 
day were, considered to have recovered completely from the impending shock state which had been 
induced. The remainder revealed the typical symptoms and post-mortem changes of irreversible 
shock. 

RESULTS AND DISCUSSION 

A. Prior to 'describing the experimental observations, the terminology employed 
will' be clarified. 

'i'. 'Tbht volume of blood which is rapidly withdrawn during the initial bleeding 
process to establish the prescribed degree of arterial hypotension is referred to as the 
initial bleeding volume (IB'V). The factors determining the magnitude of the IBV 
are 'several.' ' AsSiiihing a constant rapid rate of hemorrhage and a certain level of 
hypotension at which point the rapid withdrawal of blood is terminated, there are still 
the compensatory factors to be considered. Theoretically, an animal devoid of any 
compensatory mechanisms would yield a certain basic bleeding volume before the 
established hypotension level is attained. This basic bleeding volume will be aug- 
mented in the control animal, depending upon the rate and extent to which his 

*■ We are greatly indebted to Roche-Organon, Inc. for their generosity and cooperation in supply- 
ing us with the quantities of the anti-coagulant Liquaemin required for the execution of this study. 
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compensatory adjustments can be mobilized. The most rapidly induced adjust- 
ments appear to be those under reflexogenic vasomotor control, such as reduction of 
the total circulatory capacity and expression of blood into tlie circulation from various 
blood depots. Of secondary importance in the augmentation of tlie IBV is the slowly 
mobilized process of auto-infusion of the circulation from the extra-vascular fluids. 
Indication of the secondary nature of this process in the production of the IBV is 
seen in the very slight reduction of IBV values obtained in poorly hydrated dogs. 
It would seem, therefore, that the increase in IBV over basic values is primarily a 
function of the extent of reflexogenically controlled vasomotor compensation. 

2. Near the middle of the h3^otension period, the viaximal bleeding volume 
(MBV) was usually reached. This constituted the IBV plus that volume which 
automatically entered tlie pressure-stabilizing reservoir in the process of maintaining 
blood pressure at a constant hypotensive level. In the few control dogs which even- 
tually survived the impending shock state induced by the procedure (i.e., following 
reinfusion of all withdrawn blood at the termination of the 90-minute hemorrhagic- 
hypotension period), the MBV was frequently attained towards the very end of the 
h5qiotension period. In tlie majority of control animals, however, considerable 
volumes of blood were automatically reinfused to sustain the desired hypotensive level 
during the last 45 minutes of the h3qiotension period. 

3. The total quantity of blood available for reinfusion as the 90-minute period 
terminated is referred to as the nel-iolal bleeding volume (N-TBV), It obviously 
represents the MBV minus the quantity automatically reinfused, if any, to sustain 
the established hypotensive level. The prognosis for complete, recovery among un- 
treated control dogs was excellent whenever the MBV and, N-TBV volumes were 
essentially equivalent, i.e., when the automatic reinfusion volume (ARV) was negli- 
gible or very small (the ARV is the MBV minus the N-TBV). Cppyersely a reason- 
ably satisfactory diagnosis of prevailing irreversible shock can be made in control 
dogs when the ARV is greater than 4.0 ml/kgm. It will be seen that such diagnoses 
are not possible in the dibenamine-treated dogs. This automatic' reinfusion is un- 
doubtedly initiated by the same forces which were responsible for the persistent 
spontaneous decline in arterial blood pressure observed in previous experiments 
which antedated the introduction of the automatic pressure stabilization device (2). 
The latter decline was one of several criteria found to be reliably diagnostic for the 
early onset of irreversible shock. 

4. The volume of blood automatically withdrawn after the hypotension level 
was attained (MBV minus the IBV) is referred to as the secondary bleeding volume 
(SBV). Its magnitude seems to be primarily determined by the animal’s ability to 
mobilize body fluids to augment the existing circulating blood volume. The SBV is 
markedly reduced in dehydrated animals which have much less fluid available for 
auto-infusion purposes. Thus the SBV provides a reliable index of the animal’s 
ability to mobilize fluids for augmentation of the circulating blood volume, even 
though vasomotor reactions play a secondary role in determining its magnitude. 

Twenty-four dogs were subjected to 90 minutes of hypotension at 40-43 mm! 
Hg, of which 12 served as untreated controls. The remaining 12 dogs received an 
intravenous injection of dibenamine (10-15 mgm/kgm.) 30 minutes prior to the onset 
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of bleeding procedures. It was believed that a functional blocking of all sympatho- 
genic vasoconstrictor mechanisms had been induced by the dibenamine in each in- 
stance. The basis for this belief is as follows: a) an adrenaline reversal was obtained 
in each animal before bleeding was begun and b) moments of e.xcitement or struggling 
in these dogs were accompanied by a significant decline rather than an elevation of 
blood pressure. 

The most significant data obtained from these 24 animals are included in table i. 
The somewhat high recovery rate (41.7 per cent) attained in these 12 control dogs was 
surprising and disappointing, since it was significantly greater than the 23.1 per cent 
recovery observed in a previous control series, m which procedures were identical 
with the exception that manual bleeding techniques were employed (ii). It is 
difficult to conceive that this difference in survival rate may be related to the adop- 
tion of the automatic bleeding and reinfusion device. A more likely influence might 


Table i 


1 

1 

SERIES 

1 

NO. OF 
DOGS 1 

%HCCO\TBY 


MEDIAN VALDES FOR BLEEDING VOLDMES IN ML/KGM. 

IBV 

MBV 

N-TBV 

SBV 

ARV 

Controls 

12 

41.7 


34.9 

47 -S 

42-3 

n 

6.0 


5 



3 S-I 

55-3 

52 . s 

WSSM 

2.6 





34-9 

45-6 

36.4 

10.2 

6.8 

Dogs given diben- 

12 

25.0 

T 

19.4 

19.8 

10.7 

1 2 2 

9.1 

amine 30 min. 

3 


R 

18.4 

20,2 

14.3 

2.5 

5-9 

before hemor- 

9 


F 

19.7 

19.7 

7.6 

0.0 

14.9 ‘ 

rhage 










T — ^Values for entire series, including fatalities and recoveries. R — Values for recovery dogs. 
F — ^Values for fatality dogs. IBV — Initial bleeding volume — described in text. MBV — Ma.xima' 
bleeding volume — described in text. N-TBV — Net-total bleeding volume — described in text. 
SBV — Secondary bleeding volume — described in text. ARV — Automatic reinfusion volume — 
described in text. 

be the difference in the state of nutrition and hydration of the dogs at the time of 
experimentation. Regardless of this discrepancy, the recovery rate in these 12 con- 
trol dogs is useful and adequate for comparison with that observed in the dogs treated 
with dibenamine. 

As seen in table i, the recovery rate in the dibenamine-treated dogs (25%) was 
even lower than in the untreated controls (41.7%). It is possible, from some of the 
experimental observations, to offer at least a partial e.xplanation for the poorer re- 
sponse among these treated dogs. Twenty minutes after the injection of dibenamine, 
an ‘adrenalin reversal’ was elicited in all animals. It is therefore presumed that any 
sympathogenic vasomotor tone existing prior to the introduction of the drug, as well 
as the mechanisms for compensatory augmentation of peripheral vasoconstriction 
during the hemorrhagic period which followed, were functionally blocked. A priori, 
the total circulatory capacity was undoubtedly greatly enlarged prior to the onset of 
hemorrhage, thus accounting for the exceptionally small bleeding volumes obtained 









June 1948 


VASOCONSTRICTION AND HEMORRHAGIC SHOCK 


515 


during the ensuing hemorrhagic-hypotension period. Despite the apparent mcrease 
in total circulatory capacity, however, the control blood pressures remained es- 
sentially unaltered. One would be inclined to attribute the sustamed blood pressure 
level to a compensatory mcrease in plasma volume as a result of autoinfusion of tissue 
fluids, were it not for the fact that the hematocrits also remained unaltered. To 
utilize this explanation it would be necessary' to assume an equivalent discharge of 
erythrocytes from various blood depots. The mechanism, however, for such empty- 
ing of cellular depots is not apparent, since dibenamine appears to block tire mecha- 
nisms for splenic contraction (i4)- One is therefore inclined to attribute the main- 
tenance of normal blood pressure to some influence which augments cardiac output. 
This is suggested by the pronounced tachycardia seen in all these dogs (median 180 
beats/min.). Whatever the responsible factor or factors, they are apparently only 
temporarily adequate to sustain normal pressure levels, inasmuch as more recently 
conducted experiments (17) reveal a significant decline in arterial blood pressure 
within a 10- to 12-hour period following the administration of dibenamine. This 
decline is then more slowly compensated. Although not thoroughly appreciated at 
the time these experiments were conducted, it is now obvious that the cardiovascular 
conditions, in the dogs treated with dibenamine just prior to hemorrhage, were def- 
initely unstable since neither the effects of the drug nor the mobilization of compensa- 
tory adjustments had fully materialized. 

The exceptionally small IBV in this scries of treated dogs reflects the value of 
sympathogenic vasoconstrictor mechanisms as an immediate adjustment for a rapid 
loss of blood. It also suggests that the dibenamine in the doses given blocked the 
nervous as well as the humoral components involved in this normal compensatory 
adjustment. Comparatively, these animals seemed dess able to withstand hemor- 
rhage than the sympathectomized dogs reported by Freeman (9). This difference 
may be related to the fact that Freeman’s animals were permitted a reasonable inter- 
val following sympathectomy during which more effective circulatory adjustments for 
the loss of sympathogenic vasomotor activity could take place. 

A comparison of the respective bleeding volumes for the control and tire treated 
animals reveals striking differences (table i). In the control group the 5 compUlt 
recoveries (R) exhibited a significant SBV and in each the MBV and N-TBV values 
were nearly equivalent. Hence, ARV values were negligible or small. In the 3 
recovery dogs of the dibenamine group, however, the IBV and MBV values were nearly 
equivalent. Consequently the SBV was exceptionally small or absent. The median 
ARV value in these dogs was about twice that seen in the control recoveries, indicat- 
ing that considerable automatic reinfusion was required to sustain the hypotensive 
level during the latter portion of the hypotension period. Comparing the ARV of 
these two groups, in terms of the percentage of the MBV automatically reinfused, 
these differences are even more striking. VTiereas 5 per cent of the MBV was re- 
infused in the control recovery dogs, 29.2 per cent automatic reinfusion occurred in 
the dibenamine recovery dogs, even though their MBV values were roughly one-third 
those obtained from the control dogs. From this aspect it is indeed surprising that 
these 3 dibenamine animals did not enter the irreversible shock state, inasmuch as this 
course of events has in past experiences been commensurate with very short post- 
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reinfusion survival times. It is possible that the cause underlying the sizeable rein- 
fusions seen in the dibenamine recovery dogs may be related to progressive action of 
the drug itself whereas in the fatality dogs of the control series, they were initiated 
by widespread disturbances of the vasomotor mechanisms and/or capillary perme- 
ability. 

The absence of any significant SBV in the treated group is puzzling. Presum- 
ably, conditions should have been extremely favorable for translocation of tissue fluids 
into the vascular compartment. In the group of dogs ‘pre-treated’ with dibenamine 
20 hours in advance of the onset of hemorrhagic procedures (to be discussed below), 
the mflux of tissue fluids under what appears to have been essentially equivalent 
hemodynamic conditions was much greater, as indicated in the SBV values (table 2). 
One can only speculate that a similar compensatory augmentation of the circulating 
plasma volume was in some manner impeded by an as yet unrecognized influence of 
dibenamine. 


Table 2 


SERIES 

NO. OF 

oocs 

1% HECO^TEEYl 

■ 

MEDIAN VALVES FOR BLEEDING VOLUMES IN ML/KGM, 

mv 

MBV 

N-TBV 

SBV 

ARV 

Controls 

20 

30 

T 

35.0 

48.0 

42-3 

n 

S -9 


6 


R 

35-2 

5 S -5 

52.8 

wgM 

2.7 


14 


F 

35-0 

4 S -7 1 

36.5 

IhI 

6.8 

Dogs given cliben- 

20 

60 

T 

27.6 

35-9 

30-4 

6.6 

3-0 

amine 20 hr. be- 

12 


R 

28.0 

42.3 

41 .1 

8.2 

0-3 

fore hemorrhage 

8 

' 

F ' 

24.1 

31.6 

16.5 

6.2 

12. 1 


. For explanation of abbreviations see table i. 


In recapitulation, these preliminary studies seem to emphasize the importance of 
ipimediate adjustment of the circulatory capacity through participation of sympatho- 
geniq vasomotor. mechanisms as a compensation for severe hemorrhages. They fail, 
despite-, original hopes, to provide pertinent information that would permit practical 
evaluation of., the degree of compensation which can be enlisted more gradually 
thrpugh accessoty .mechanisms when sympathogenic vasoconstriction is temporarily 
eliminated, Furthermore, this series of investigations provides no justification for 
dra,wing . conclusions, regarding the effect of prolonged vasoconstriction upon the 
tansition from impending to irreversible shock. 

. B. The initial alteration in procedure in this next series of experiments involved 
an increase in the s.eyerity of the hemorrhagic process to guarantee the induction of 
irreversible shock in a, higher percentage of untreated control animals than was ac- 
complished in the previous series. It was apparent that this might be managed 
either by prolonging the. hypotension period or by increasing the severity of the es- 
tablished hypotension level. The latter approach was selected and the hyp6tensiv6 
level was .^wered. to. 35-38 mm. Hg. That this more nearly approached the ideal 
effect is reflected in .the 30 per cent survival rate among the 20 untreated control dogs 
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(table 2) as compared with the 41.7 per cent survival rate in the previous series of 
control dogs. There were 2 dogs which succumbed about 72 hours following rein- 
fusion of ail withdrawn blood. These bore a striking resemblance to certain ‘border- 
line’ cases described previously (2). They were arbitrarily included among the 6 
survivals, their deaths being attributed to secondary causes. If shock was the cause 
of death in these 2 animals, the sur\dva! rate would have amounted to 20 per cent. 

As in earlier studies, relative and occasionally actual hemoconcentration de- 
veloped during the 90-minute hypotension period in each animal. It appears, how- 
ever, that the development of hemoconcentration bore a definite relation to the auto- 
matic reinfusion which occurred in order to check the tendency for blood pressure to 
fall below the established h3'potensive level. As in the previous series (table, i), 
the bleeding volumes among the 14 control /a/oh’/y dogs (F, table 2) were significantly 
smaller than in the 6 compJclc recoveries {R, table 2). The implications are obvious 
and require no further discussion. 

It was also necessary to alter procedures to allow sufficient time prior to the onset 
of hemorrhaging for the dibenamine to attain its maximal effect, as well as for the mo- 
bilization of adequate compensatoiy'’ adjustments for the hemodynamic disturbances 
resulting from the actions of tliis agent. With the latter in mind, 20 dogs were ‘pre- 
treated’ with an intravenous injection of dibenamine (15-20 mgm/kgm. doses) some 
20 hours prior to initial bleedings. 

The results of this approach were strikingly different in that 14, or 60 per cent, of 
these ‘pre-treated’ dogs recovered completely from the 90-minute exposure to hemor- 
rhagic hypotension at 35-38 mm. Hg. This improvement in survival rate gains 
particular significance in view a) of the greater severity of the hypotension in this 
series as indicated b}'’ the low sursdval rate (30%) among control dogs and b) of the 
poor survival rate (25%) in the previous group of dibenamine treated dogs. 

In an attempt to ascertain tlie basis of the more favorable responses in tliis ‘pre- 
treated’ group, it is found that analysis of the immediate pre-hemorrhagic status of 
these ‘pre-treated’ dogs, as well as the course of events during hypotension, affords 
only a partial explanation. Immediately prior to the onset of hemorrhage and 20 
hours after the administration of dibenamine, the existing tachycardia was equiva- 
lent in magnitude to that in the previous dibenamine group. In tliis respect alone 
were they similar. In distinct contrast, arterial blood pressure levels approached the 
lower limits (ca. 100 mm. Hg) customarily accepted as normal for a group of untrained 
mongrel dogs. In fact, these control levels were considerably lower than the mean 
value of control measurements obtained in over 250 animals in earlier studies (ca. 
129 mm. Hg). Furthermore, the control pre-hemorrhagic hematocrits were con- 
sistently 10 or more units lower than those encountered in previous control measure- 
ments on untreated dogs. A priori, it is not difficult to visualize the course of cardio- 
vascular events which followed the administration of dibenamine. As compensation 
for an expanded circulatory capacity, ensuing the functional blocking of sympatho- 
genic vasoconstrictor mechanisms and the consequent progressive decline of arterial 
blood pressure, it is probable that a large auto-infusion of tissue fluid into tlie vascular 
compartment occurred. A similar mobilization of fluids and a resultant augmenta- 
tion in plasma volume (up to 25%) was reported by Gregersen et al. to have occurred 
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after surgical sympathectomy (14). Since an ‘adrenalin reversal’, as well as the 
decline in blood pressure concomitant with excitement or struggling, was clearly 
demonstrated in most of these dogs some 20 hours after the injection of dibenamine, 
it is hardly conceivable that any sympathogenic vasoconstrictor mechanisms were still 
functional at this time. In this respect, these ‘pre-treated’ dogs were still functionally 
sympathectomiz^d. By the end of this 20-hour control period, arterial pressures, 
though perhaps normal, had not reached their pre-dibenamine levels. 

Unlike the situation in the earlier dibenamine series, there was no tendency for 
arterial pressures to decline progressively throughout the hypotension period, due to 
increasing effectiveness of the drug. It seems reasonable, furthermore, to assume 
that under the prevailing conditions of generalized vascular dilatation 20 hours after 
treatment with dibenamine, the existing (though slightly subnormal) control blood 
pressure levels were sufficient to provide adequate peripheral blood flow. In fact 
these ‘pre-treated’ dogs gave every evidence, just prior to hemorrhage, that their 
cardiovascular conditions were far more stable than those in the group which received 
dibenamine onlj’’ 30 minutes preceding the onset of hemorrhage. 

Comparing the data obtained in the treated and pre-treated series during the 
90-minute hemorrhagic-hypotension period, the following observations are made. 
a) The IBV values for the ‘pre-treated’ dogs (table 2) are considerably greater than 
those for the treated group (table i), although they are not as large as in the control 
group. The larger IBV values in the control as compared to the ‘pre-treated’ animals 
is attributed to the reflex induction of sympathogenic vasoconstriction which was 
presumably unavailable to the latter group of animals, b) The SBV values for the 
‘pre-treated’ recovery dogs (table 2, R) were sizable and significant, especially when 
compared with similar values among the ‘treated’ recoveries (table 1, R). It would 
seem that the difference between the SBV values in the control and dibenamine ‘pre- 
treated’ recovery dogs is an indication of the part which progressive sympathogenic 
vasoconstriction contributes toward the SBV. It must be remembered, however, 
that considerable auto-infusion had occurred in these animals during the 20-hour 
control period following administration of the dibenamine and that the latter un- 
doubtedly restricted the amount of fluid available- for auto-infusion during hemor- 
rhagic hypotension. In other words, this may, to a great extent, account for the dif- 
ference between the SBV of the control and ‘pre-treated’ animals. 

It is obvious that the onset of irreversibility occurred (during the 90-minute hypo- 
tension period) less frequently among the ‘pre-treated’ (dibenamine) dogs than in 
their respective controls. The question arises as to how dibenamine influenced the 
rate of transition from impending to irreversible shock. Since the SBV values in 
many fatality dogs of the untreated control groups were not greatly reduced, there 
must be additional responsible influences other than those which determine the magni- 
tude of the SBV. In animals whose sympathogenic vasoconstrictor mechanisms have 
been functionally blocked, the major impairment in tissue blood flow must be the low 
arterial pressure. It is reasonable to assume, however, that, per given blood pressure 
level, the overall tissue blood flow will be greater in the animals with subnormal vaso- 
constrictor tone than in control dogs in which greater resistance to arterial flow is 
created through vasoconstriction of reflex or humoral sympathogenic origin. It is 
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not surprising to find an increasing number of reports in the literature citing evidence 
of extensive morphological and function damage of such organs as the kidney, liver, 
and intestines following the induction of severe hemorrhagic conditions. It is pos- 
sible that the irreversible phase of shock often first becomes apparent when the func- 
tion of one or more of these organs becomes so greatlj’’ impaired as to be incom- 
mensurate with complete recover>\ Certainly the ingenious studies by Frank el al. 
(15) substantiate this consideration. These investigators reveal that the high in- 
cidence of irreversible shock in untreated control dogs, induced by hemorrhagic pro- 
cedures quite similar to those cited here, can be reversed to a high incidence of 
recovery when the liver is viviperfused by a donor animal during the course of 
hemorrhagic-hypotension. Perhaps the slight improvement in intestinal, kidney, 
and liver blood flow afforded at 35-3S mm. Hg blood pressure levels, by the dilatation 
of vessels through the actions of dibenamine, was just suiheient to prevent the oc- 
currence of extensive irreversible damage in these organs during the experimental 
period. One would not, of course, expect the same degree of vasodilation in all ani- 
mals following uniform dibenamine treatment; hence, the transition to irreversible 
shock was not sufficiently delayed in some animals of this series. In this way, the 
improved survival rate of the ‘pre-treated’ dogs might be partially e.xplained. From 
these studies, the conclusion is drawn that the prolonged vasoconstriction induced by 
severe hemorrhage, when superimposed upon an already restricted peripheral blood 
flow due to arterial hypotension, greatly accelerates the transition from impending 
to irreversible hemorrhagic shock. Presumably this is related to permanent derange- 
ments of such ‘luxury’ organs as the intestinal tract, the liver and the kidney to an 
extent which is incompatible with life. 

SU.MM.AKY 

1. In untreated dogs, the blood flow through such organs as the kidney, liver and 
intestines during the impending hemorrhagic stale may be progressively impaired by 
a) arterial hypotension, b) superimposed vasoconstriction of sympathogenic origin 
and possibly by c) additional vasoconstriction through liberation and action of hu- 
moral agents, the origin and classification of which is not clearly established. 

2. To determine tire extent to which prolonged vasoconstriction and the conse- 
quent protracted impairment of visceral blood flow may influence the rate of transi- 
tion from impending to irreversible shock, the adrenergic blocking agent, dibenamine, 
was employed to eliminate factor b and perhaps c above. Its influence upon the 
survival rate in standardized hemorrhagic shock producing experiments was then 
analyzed. 

3. Initially, the dibenamine was administered to dogs only 30 minutes before 
hemorrhagic procedures were begun. The progressive influence of the drug for 
several hours after its administration rendered the cardiovascular conditions at the 
onset of bleeding extremely unstable. Hence, the original purpose of these experi- 
ments was not accomplished. It was felt that the use of the drug in this manner 
merely rendered the animal’s conpensatory adjustments much less efficient. 

4 - Another group of dogs were then ‘pre-treated’ with dibenamine 20 hours in 
advance. This permitted full attainment of drug action and nearly complete mobili- 



520 


WIGGERS, INGRAHAM, ROEMHILD AND GOLDBERG 


'Volume jjj 


zation of compensatory adjustments for the cardiovascular influences of this drug. 
Hence, greater cardiovascular stability prior to the onset of bleeding was achieved. 
Evidence is provided that at the time of bleeding, sympathogenic vasoconstrictor 
mechanisms were still efifectively blocked in all ‘pre-treated’ dogs. As a consequence 
of this pretreatment, the transition from impending to irreversible shock was delayed 
in many instances to the extent that the incidence of irreversible shock was greatly 
reduced when compared to such incidence in an equivalent number of control un- 
treated animals. 

5. From the results, it appears that even though initial vasoconstriction offers 
temporary benefits, by augmenting the amount of blood which can be lost before 
critical changes in blood pressure occur, there can be little doubt that the prolonged 
continuance of sympathogenic vasoconstriction is deleterious in that it accelerates 
the onset of the irreversible state. 
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OXYGEN SATURATION IN BONE MARROW, AND IN 
ARTERIAL AND ATiNOUS BLOOD DURING PROLONGED 
HEMORRHAGIC ERYTHROPOIESIS^ 
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From the Dcparlmeitt of Physiology, College of Physicians and Surgeons, Columbia University 

KEW YORK, NEW YORK 

F ollowing hemorrhage, the normal red blood cell mass is soon restored by 
increased erythropoietic activity of the bone marrow. It is generally be- 
lieved tliat qualitatively similar eiythropoiesis is in progress at all times in the 
normal adult and serves to replace the small quantity of er>dhrocytes which are daily 
destroyed. On the other hand, it is possible to elicit an abnormal increase in the 
red blood cell mass by a variety of means both e.Yperimental and pathological. The 
red bone marrow .participates, therefore, in the maintenance of a normal, constant 
hemoglobin concentration as well as in the elevation of this pigment far above normal 
values. Solely on the basis of the oft observed ‘polycythemic response’, usually 
associated with reduced arterial O2 saturation, (altitude, emphysema, etc.) it has 
been maintained that a low O2 saturation of the blood in bone marrow is the primary 
stimulus for all erythropoiesis. This explanation was probably first advanced by 
Miescher in 1893 (i) and although untested has been widely accepted. 

Grant and Root (2) examined this hypothesis by studying the O2 saturation of blood drawn 
directly from red bone marrow of unanesthetized dogs. Erythropoiesis was induced by a single, large 
hemorrhage. A low bone marrow blood O2 saturation was evident for only a few hours following 
hemorrhage, after which normal values were found throughout the three or more weeks required for 
the regeneration of lost red blood cells. The present study has the same purpose. Instead of a single 
hemorrhage, the animals were rendered and maintained anemic by frequent, small hemorrhages. The 
eiythropoietic stimulus produced in this manner was both more intense and uniform over a relatively 
long period of time. If a low Oi saturation of bone marrow blood is required to initiate the production 
of red blood cells, blood drawn directly from the red bone marrow of these animals should show a low 
O2 saturation. 


METHODS 

Animals. Eight adult male dogs with body weights ranging from 6 to 11.5 
kgm. were used in this study. The animals were fed dog meal (Beacon Milling 
Company) mixed with water. An average daily ration contained from 50 to 60 
mgm. total iron. On this regimen the hemorrhaged animals were maintained in good 
condition and showed a moderate hemoglobin production which remained constant 
throughout the period. 

Analyses. O2 content was measured by the Roughton-Scholander (3) micro- 
method on 0.04 cc. of blood and O2 capacity determined by a modification of this 

Received for publication May 28, 1948. 

’ A preliminary report of this work appeared in Federation Proc. 7; 43, 1948. 
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method previously described (4). Both O2 content and O2 capacity were determined 
in all blood samples for which the percentage O2 saturation is given. Hemoglobin 
concentration was calculated from the O2 capacity, and Van Allen hematocrit tubes 
were used to estimate the relative volume of packed red blood cells. The methods 
for the measurement of reticulocyte percentage and plasma volume were the same as 
those used in a previous study (2). 

Sampling. All blood samples were taken from unanesthetized dogs, which had 
been without food for 18 to 24 hours and had been resting quietly in a supine position 
for at least 15 minutes. The technique of removing blood from red bone marrow of 
the proximal end of the humerus has been described previously (2). By use of the 
micro-methods, percentage O2 saturation as well as hematocrit value were measured 
in a sample as small as o.i cc. of blood. All analyses of bone marrow blood were 
performed on the first o.i to 0.2 cc. to be drawn from the marrow. No blood samples 
were drawn for 24 hours following hemorrhage. 


Table i. Average O2 capacity level in control and ANEiuc periods and daily hemoglobin 

PRODUCTION IN THE ANEMIC PERIOD 


DOG 

, WT. 

O 5 CAPAaiV 

Hb/DAY 

1 

1 

Control 

Anemia 

I 

8.7 

19.0 

11 .0 

gms. 

3-3 

2 

8.0 

15-5 

10.0 

3-0 

3 

II .0 

17-5 

10.5 

4.2 

4 

•8.2 

14-5 

9.0 

3-2 

5 

11-5 

14.7 

9-5 

4.0 

6 

9-5 

18.0 

10. 0 

3 -S 

7 

6.0 

! 22.0 

10-5 

2.0 

8 

8.0 

i 15-5 

11 .0 

2.7 


Maintenance of Anemia. Anemia was induced and liemoglobin regeneration 
measured in the manner described by Whipple and Robscheit-Robbins (5). Their 
now classical method was not rigidly followed because of certain differences in the 
purpose of these experiments. 

At the end of the control period, dogs were bled every two or three days until 
the jugular venous O2 capacity values ranged between 9 and ii volumes per cent 
(6.7 to 8.2 grams Hb.). This level represents 48 to 71 per cent (average 61) of the 
control O2 capacity values of the 8 dogs (table i). Blood was draivn by syringe 
through an 18-gauge needle inserted in the femoral artery. (Arterial puncture has 
been performed some 25 times in a single artery with no difficulty.) O2 capacity was 
maintained at a fairly constant level (±1.5 vol. per cent in the individual dog) by 
additional small hemorrhages every two to three days. The volume of blood to be 
removed in each instance was determined by the degree to which the O2 capacity 
exceeded the desired level. Hemoglobin production was calculated on the basis of 
drawn blood (5). In order to avoid erroneous information from O2 capacity values 
in the event of temporaiy hemodilution or concentration, plasma volume was occa- 
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sionally estimated. .Under the conditions of the experiments, the plasma volume in 
tlie anemic animal remained relatively stable. The anemic period varied from 40 to 
100 days. 

The formation of red blood cells was indicated by a) hemoglobin production, 
b) increased percentage of reticulocytes and other immature cells and c) decreased 
saturation index (O2 capacity X 2.2/hematocrit percentage). 

PROCEDURE 

The O2 saturation of arterial, jugular venous aiid bone marrow blood was meas- 
ured once or twice during the control period. No determinations of this type were 
performed in the period of S to 14 days during which the hemoglobin concentration 
was being reduced by hemorrhage to a predetermined anemic level. When a rela- 
tively constant level had been established, O2 saturations of bone and venous blood 
were measured at approximately weekl}’' intervals, while arterial blood was examined 
less frequently. The majority of these analyses were performed two days after a 
hemorrhage. At the end of the hemorrhagic period, the hemoglobin concentration 
in the blood was permitted to rise to control value; and in several of the dogs, O2 
saturation was again determined. 


RESULTS 

Hemoglobin Production. Since the object of this study was erythropoiesis it was 
essential to employ a quantitative measure of the process. Table i contains a sum- 
mary of the hemoglobin regeneration rates. The average daily production for all 
dogs was 3.2 grams Hb or about 22 grams Hb per w’cek. The dogs employed by 
WTiipple and Robscheit-Robbins (5) had normal O2 capacity values (calculated by 
the present author) of 22 to 27 volume per cent and were bled to anemic levels of 
approximately 7.5 to lo.o volume per cent (calculated). The O2 capacity of dogs at 
the beginning of the present experiments ranged from 14.5 to 22 volume per cent and 
were reduced to a level of 9 to ii volume per cent. The anemia induced' by the 
Rochester group was, tlierefore, more severe. In addition, the present animals re- 
ceived a stock diet of dog meal which on analysis was shown to provide 50 to 60 
mgm. of total iron per day. At no time was an attempt made to fortify this basic 
ration with extra quantities of such potent hemoglobin-forming agents as liver, beef 
muscle etc. Despite certain differences in procedure, regimen and body weight, 
the rates of hemoglobm regeneration shown by the animals in this study compare 
favorably with those reported by the Rochester group. 

In s of the 8 animals an apparent over-production of hemoglobin occurred fol- 
lowing the conclusion of hemorrhage. The O2 capacity values rose from the anemic 
level to exceed that of the original control period. This ‘overshoot’ has been ob- 
served by others and is probably a result of either a) increased erythropoietic efficiency 
or b) hyperplasia of red bone marrow, or both (6). 

Typical reticulocytosis occurred in all animals a few days after the first hemor- 
rhages and persisted throughout the period. With the ‘dry smear’ technique, be- 
tween 2 and 5 per cent of red blood cells displayed a stained reticulum. Occasional 
films were prepared with blood drawn by the routine bone marrow puncture. Blood 
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SO obtained was identical with that used in the measurement of O2 saturation. By- 
inspection, it was evident that the number of immature erythroid cells had greatly 
increased in the marrow. 

The saturation index during the control period varied between 0.95 and 1.05. 
The value decreased in the anemic phase to a range of 0.80 to 0.90. Following the 
cessation of hemorrhage, the saturation index increased with the O2 capacity values 
to approach control values. 



Fig. I. A COMPOSITE OF THE RESULTS obtained from 8 unanesthetized dogs before and 
during the anemia produced by repeated hemorrhages. The onset (zero day) and severity of anemia 
can be determined from the O2 capacity values. It isill be noted that the O2 saturation of 
arterial femoral and bone marrow (humerus) blood show the same level and distribution in the con- 
trol and anemic periods. Jugular venous O2 saturation is slightly depressed in anemia. 

Oxygen Saturation. A) The percentage O2 saturation of femoral arterial blood 
was unaffected by the hemorrhagic anemia. Values obtained in both control and 
anemic periods displayed remarkable constancy and no significant difference was 
noted. A composite graph (fig. i) containing the results from all dogs shows the 
arterial O2 saturation in relation to the O2 capacity in the normal and hemorrhagic 
periods. Table 2 presents a summary of blood gas data. 

B) In marked contrast to the relative .constancy of O2 saturation values of 
arterial blood, those obtained from done marrow blood revealed a wide range of 
individual variation. This is true for the normal as well as for the anemic animals. 

In 5 out of the 8 dogs, no anemic O2 saturation percentage was found below that 
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of the control period. The remaining 3 animals occasionally showed a temporarj’- 
O2 saturation which was 2 to 10 per cent below control values. In the one animal 
in which this phenomenon was pronounced, it was noted that when the O2 saturation 
of the bone marro\v blood reached its nadir, hemoglobin production ceased tempo- 
rarily. At tills point it was necessar}'^ to omit the usual hemorrhages and before pro- 
ceeding with the experiment to permit a partial recovery of both O2 capacity and O2 
saturation. This cycle was repeated in the same animal on two further occasions 
with essentially the same results. 

Considering the 8 dogs as a group, no significant differences can be shown be- 
tween values obtained in the control and those in the anemic period. As presented 
in table 2, the average results from all 8 animals is 68.5 per cent O2 saturation for 
the normal and 68.3 for the anemic dog. 

C) The range of O2 saturation percentage found in jng^dar venous blood was 
comparable to that encountered in the bone marrow. There was a tendency, how- 
ever; for the venous anemic values to fall slightly below those obtained in the con- 
trol period. This is shown graphicall}'^ in figure 1 and numerically in table 2. The 


Table 2. Percentage 0; saturation of arterial (femoral), bone marrow (humerus) and 
\ mNOUS (jugular) blood in control and ANEillC periods 


Oj SAT j 

1 CONTROL 1 

ANXMIC 

No. 

Range 

■■ 

No. 

Range 

Ave. 


00 

93-99 

96.0 

19 

QO-IOO 

96.4 


13 

57-85 

68.3 

42 

51-87 

68.3 


14 

59-S3 

69-5 

44 

46-74 

64.8 


grand average from 8 animals gives a control value of 69.5 per cent O2 saturation and 
64.8 in the anemic phase. 

Arterial-V enoits Difference. The difference between the O2 content of femoral 
arterial and jugular venous blood (A-V) and between that of the same artery and 
marrow blood (A-M) were less in the anemic period as compared with the control. 
In figure 2, A-V and A-M values from 8 dogs are plotted against the corresponding 
O2 capacity, and it will be noted that a rough but direct relationship exists. On the 
contrary, an inverse relationship was found between A-V and A-M values and the 
percentage O2 saturation of the corresponding venous and bone marrow blood. This 
relationship is showm in figure 3 and includes results from both control and anemic 
periods. 


DISCUSSION 

Erythropoietic Activity. Under the conditions of this study, all reservoirs of 
preformed erythrocytes must have been depleted in tlie first few weeks of hemor- 
rhage. Whether untapped depots of the precursors of hemoglobin and red cell 
stroma exist beyond this interval is of secondary importance in this experiment. 
The diet was constant throughout the entire period and adequate in regard to hemo- 
globin production as the evidence indicates. No attempt was made to fortify it with 
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extra liver, muscle or iron. The issue here is one of the primary stimulus to the 
formation and delivery to the general circulation of mature erythrocytes rather than 
a study of dietary factors. 

As a result of repeated hemorrhages, tire red bone marrow responded by a marked 
increase in erjAliropoietic activity. As an indication of the magnitude of the pro- 
duction of red blood cells, consider the following example. In table i, dog 4 had 
an average weight of 8.2 kgm. and a weekly hemoglobin production rate of 22 grams. 
This amount of hemoglobin is equivalent to 76 cc. of packed red blood cells at the 
ratio provided by the existing saturation index. Fairman and Whipple (7) have 
ingeniously measured the volume of the bone marrow space in the dog and found it to 
correspond to approximately 2.4 per cent of body weight, with marrow being assigned 
a specific gravity of unity. Dog 4, therefore, would have a marrow space or volume of 
about 200 cc., part of which undoubtedly contains inactive tissue. Thus, in one week 
an organ with a volume of 200 cc. produces 76 cc. of red blood cells or 38 per cent of 
its own maximum volume. In view of this ratlier remarkable growth rate, it may 
be safely stated that active erythropoiesis was in progress in the red bone marrow. 

Compensation in Hemorrhagic Anemia. Under tlie conditions of this study O2 
capacity was controlled by regular, measured bleedings. It has been noted that 
the A-M and A-V O2 differences varj'' directly with the Oo capacity, and further that 
the O2 saturations of marrow and venous blood vary inversely with the corresponding 
A-M and A-V values (fig. 2 and 3). This compensator}’- decrease in A-M and A-V 
differences observed in the anemic condition is probably a result of an increased 
cardiac output. A marked increase in cardiac output was reported by Blalock and 
Harrison (8) in dogs rendered anemic by repeated hemorrhage. In clinical investi- 
gations a moderate augmentation of cardiac output has been noted in the severely 
anemic patients (9) as well as an increased peripheral blood flow (10). 

From these studies, it is reasonable to assume that tire decrease in A-M and 
A-V values was a result of an increased cardiac output. Reduction in the O2 con- 
sumption of tissues generally is not necessary and it has also been demonstrated tliat 
no significant decrease in O2 consumption occurs in the anemia secondar}'- to chronic 
hemorrhage (8, ii). 

As judged by the relative constancy of the O2 saturation of bone marrow blood 
and to a lesser degree that of the jugular venous blood following repeated hemor- 
rhages, circulatory compensation was generally good. The observation that bone 
blood O2 saturation showed no significant change from control to anemic period while 
jugular venous blood displayed a small decrease in O2 saturation may possibly be ex- 
plained by vasodilation in the marrow with an increased blood flow. Another fac- 
tor may be the difference in O2 requirements of the areas drained by the two types of 
blood. 

The animals were reduced to an average of 61 per cent of their control hemoglobin 
levels. Compensation was efficient with this degree of anemia. It would have been 
possible to have reduced further the hemoglobin concentration and thus to have 
rendered the compensatory mechanisms inadequate. Also, it must be recalled that 
these animals led a sedentary and confined life and were examined at rest usually 48 
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hours after hemorrhage. The anemia level employed in tliis work was therefore ade- 
quate to stimulate active erythropoiesis, yet not severe enough to overwhelm the 
compensator adjustments. 

EryHiropoksis and Anoxia. That chronic anoxic anoxia (low arterial pOa) in- 
duces polycythemia is well known. The mechanism by which the bone marrow is 
stimulated under this condition is open, however, to speculation. The present results 
indicate that it is possible to cause a tremendous increase in erythropoiesis while 
maintaining a normal O2 saturation in the blood of red bone marrow. It is apparent 
that under conditions of general anoxic anoxia the marrow is also anoxic. These 



^ difference between the O, content of femoral arterial and jugular 

venous blood (A-V) and betvycen that of the same artery and marrow blood (A-M) are plotted against 
?■ Tlie results are obtained from 8 dogs in I)oth control and anemic 

periods. A rough but direct relationship is shown between the two functions. The A-V and A-M 
values of the control period (X) tend to -exceed those of the anemic (dot), 

VALUES (for description see fig. 2 ) plotted against the 0» satu- 
and ^SDODs and marrow blood respectively. The results are obtained from 8 dogs 

between the f V (dot) period values are given. An inverse relationship exists 

oetneen the A-V and A-M values and the appropriate Oj saturation. 


0 servations suggest that a) two mechanisms for the stimulation of erythropoiesis 
exist or 6 ) the mlationship between the low O2 saturation of marrow and erythro- 
poiesis IS fortuitous or of only secondary importance. A recent study by Rosin 
and Rachmilewitz (12) is pertinent. The growth of marrow cells maintained in 
tissue culture ceased when exposed to an O2 tension of 21 mm. Hg, was moderate at 
™ nun. Hg and accelerated at 357 mm. Hg. Absolute pO, values under th«e u^ 
^lysiQlogKal conditions are questionable. More important are the relative values 
as stimulated by an increase in pO, and not 

as has been supposed, by a decrease. " ^ 
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SUMMARY 

Anemia was induced in 8 male dogs by repeated small hemorrhages and this 
condition was maintained for 40 to 100 days. The anemia level was determined from 
the Oo capacity, which was reduced to approximately 60 per cent of the control value. 
Stimulation of erythropoiesis was demonstrated by the daily production of hemo- 
globin and reticulocytosis. 

Percentage O2 saturation of blood obtained from the red bone marrow of the 
unanesthetized animals and that from the femoral arterj’- and jugular vein was meas- 
ured before and during the anemia period. No significant difference was evident in 
the O2 saturation of bone marrow blood in the anemia period when compared with 
that in the control period. Arterial blood showed the same constancy in O2 satura- 
tion, but that of jugular venous blood decreased slightly in anemia. The evidence 
indicates that a striking and prolonged stimulation of erythropoiesis occurred even 
though the O2 saturation of bone marrow blood remained at normal levels. 

Certain aspects of the circulatory compensation in anemia are discussed with 
reference to arterial-marrow O2 content difference. 
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NATURE OF ‘UNIPOLAR’ EXTREMITY LEADS IN THE DOG.' 

LEAD YR 

L. H. NAHUM, H. M. CHERNOFFs AND W. KAUFMAN 
From the Laboratory of Physiology, Vale University School of Medicine 

XEW HAVEN, CONNECTICUT 

I N THE anesthetized dog the ‘unipolar’ extremity lead \'R may normally ex- 
hibit one of several patterns (fig. i). These patterns closely resemble those 
found in man. The currently accepted explanation of the derivation of the 
ventricular complex in lead YR is based upon a number of assumptions, a) The 
complex usually resembles that obtained by leading directly from the right ventricu- 
lar cavity. Therefore lead VR is said to reflect mainly the potential variations of 
this cavity (i, 2). b) The exploring electrode on the right forelimb or shoulder is 
said to lie opposite the valvular orifices at the base of the heart, thus permitting it to 
‘look’ into the ventricular cavity and reflect mainly its potential variations (i). 
c) Variations in potential of the ventricular cavity are said to develop from the sequen- 
tial appearance and disappearance of local differences in potential between the en- 
docardial and epicardial surfaces of the heart (2, 3). d) When the left side of the 
interventricular septum is activated prior to the right side, it is said that the spread 
of excitation through the septum from left to right can be detected by the unipolar 
electrocardiogram (1-3). c) Differences in onset and rate of repolarization of the 
endocardial and epicardial surfaces of the heart may be responsible for the direction 
of the T-wave (4, 5). 

Based upon these assumptions the following explanation has been given for the ventricular 
complex in lead VR. The excitatory process usually first reaches the left side of the septum, thus 
rendering the right ventricular cavity electropositive until the excitation wave has spread through 
the thickness of the septum to the right side. This early positivity of the right cavity causes the 
Upstroke of the small R-wave frequentlj’ seen in lead VR and in leads obtained directly from the 
right cavity. When the excitation process reaches the endocardium of the right ventricle, the right 
cavity becomes electronegative with respect to the epicardial surface, thus resulting in the beginning 
dorvnstroke of the R-wave. As the excitation wave continues to travel outward from endocardium 
to epicardium in both ventricles, the cavities of both ventricles continue to remain electronegative 
and the beam continues to move downward, inscribing the downstroke of the large S-wave. When 
the epicardial surfaces are finally depolarized, no difference in potential exists between the endocardial 
and epicardial surfaces and the beam returns to the isopotential line, inscribing the upstroke of S. 
The ST-segment when isopotential is the period when the whole heart is depolarized and no currents 
are flowing. The explanation suggested for a normally inverted T-wave in lead VR is that the epi- 
cardial layers of the heart complete their repolarization before the endocardial laj’ers and thereby 
render the cavity electronegative until the process of repolarization is complete in the entire heart. 
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Experiments of Hoff and Nahum liave ahead}' cast doubt on the validity of some of the above 
assumptions, for they have found that the spread of the excitation process from the endocardial to 
the epicardial surface of tlie heart cannot be detected in unipolar precordial or in standard limb lead 
electrocardiograms (6, 7). Furthermore, altering the rate of repolarization of either epicardial or 
underl3’ing endocardial areas of the ventricles did not produce opposite effects on the direction of the 
T-wave (8). These investigators, therefore, were led to an alternative explanation for the origin of 
the ventricular complex in ‘unipolar’ precordial leads. They found that a region of the heart ‘proxi- 
mal’ to the exploring electrode, when activated in anj' part of its thickness, caused downward move- 
ment of the beam in the electrocardiogram. Potentials resulting from excitation in regions ‘distal’ 
to the exploring electrode caused upward movements of the beam when either the endocardial or 
epicardial surfaces in these ‘distal’ regions were activated. They concluded that the position of the 
beam at anj' moment in the ventricular complex was determined by the algebraic summation of all 
simultaneous ‘proximal’ and ‘distal’ effects. 

The following experiments which were undertaken to study the derivation of 
lead VR in the dog lend support to the ‘zonal interference’ theory of Nahum and Hoff 
(9). Subsequent communications will deal with a similar e.xperimental study of the 
derivation of leads and VF. 


ATETHODS 

Thirty dogs were employed in these studies. The animals were deeply anesthe- 
tized with Dial and the heart was exposed as described previously (10). All electro- 
cardiographic tracings were taken with a Sanborn Tribeam only after the lungs were 
fully inflated, the chest wall tightly closed by means of skin clips and spontaneous 
respiration present. These precautions are necessary since it has been demonstrated 
(ii) that removal or displacement of electrically conducting tissues from their normal 
relation to the heart results in alterations of the electrocardiographic complex. 
Oxygen was constantly administered by endotracheal catheter. All electrodes used 
in recording lead VR were inserted subcutaneously. The indifferent electrode con- 
sisted of a central terminal w'hich was connected by insulated copper wires of equal 
length to the right and left forelimbs and to the left hindlimb. Lead VR was recorded 
by pairing an exploring electrode on the right forelimb with this indifferent electrode. 
Connections to the electrocardiograph were such that relative negativity at the ex- 
ploring electrode resulted in downward movement of the beam, while relative posi- 
tivity at the exploring electrode resulted in an upward movement of the beam. 

RESULTS 

Impressed Potentials 

Method. Pairs of needle electrodes were inserted through the intact pericardium 
in such a way that they maintained contact with the epicardium without injuring it. 
The electrodes were connected by fine insulated copper wires to a potentiometer across 
one dry cell. A commutator in the circuit made it possible to change the polaritj’’ 
at the electrodes. Potential differences of low voltage were applied momentarily 
across these two electrodes at intervals and the resultant beam deflections recorded in 
lead VR. Hoff, Nahum and Kaufman (12), utilizing this method in a study of stand- 
ard limb leads, found that in the electrocardiogram the distribution of potentials 
physically applied at the surface of the heart followed closely that of biopotentials 
generated by the heart itself. This method of impressed potentials permits a rough 
delimitation of those regions of the heart surface which, when made negative with 
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respect to the rest of the heart, result iu a downward movement of the beam in lead 
(proximal zone), and those regions which, when made negative with respect to 
the rest of the heart, result in an upward movement of the beam in VR (distal zone). 

When one electrode was placed on various points of the anterior or posterior 
surface of the right ventricle, and the other on various points on the anterior or poste- 
rior surface of the left ventricle, impressed electronegativity on the surface of the- 
right ventricle and electropositivity on the surface of the left ventricle caused a down- 
ward movement of the beam in lead VR (fig. 2A). Reversal of polarity so that the 



Fig. 1. A, B, C, D, E AND F are various normal patterns seen in dogs under Dial anaesthesia, 
before the chest is opened. There are variations in the QRS comple.x and also in the direction of the 
T-wave. 

Fig. 2. Dog, 4.1 kgm., female, 2/17/48. One electrode on surface right lateral ventricle and 
another electrode on surface left lateral ventricle. A, impressed negativity at electrode on right 
ventricle; the beam moves downward. B, impressed negativity at electrode on left ventricle; the 
beam moves upward. 

Fig. 3. Patterns of extrasystoles elicited by stimulation of the cpicardial surface of the 
various segments of the heart. Dog, 6.0 kgm., female, 10/28/47. extrasystoles elicited from 
anterior and posterior right ventricle (e.xcept for right apex), upper third anterior septum, and from 
basal portion anterior left ventricle near the septum. Initial movement of beam is downward. 
•B, extrasystoles elicited from stimulation of lower two thirds of the anterior septum, parts of the 
nght apex, the posterior septum and the basal portion of the anterior left ventricle. Srnall initial 
upward deflection followed by doivnw'ard deflection. C, extrasystoles elicited from stimulation of 
the left apex, lower two thirds of the anterior left ventricle and posterior left ventricle. Initial 
movement of the beam is upward. 


electrode at the surface of the right ventricle was electropositive resulted in an up- 
ward movement of the beam (fig. 2B). 

Forced. Epicardial Extrasystoles 

Method. After opening the pericardium, bipolar needle electrodes were inserted 
into the epicardium. Intermittent break shocks were delivered approximately every 
second by means of a thyratron stimulator, the stimulus strength being just above 
threshold. An occasional extrasystole was thus elicited against a background of 
normal complexes. 
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Exploration of the anterior and posterior surfaces of both ventricles yielded three 
different types of extrasystoles. 

Type A (fig. 3A). The ventricular complex exhibits a QS deflection and an up* 
right T-wave. This type of extrasystole could be obtained only by stimulation of 
points on the anterior and posterior surface of the right ventricle (except for the right 
apex) and from a small segment of the basal portion of the anterior left ventricle near 
the septum. 

Type B (fig. 3C). The ventricular complex exhibits a large R-wave followed by 
an inverted T-wave. This t3q3e of extrasystole could be obtained only by stimula- 
tion of points on the anterior and posterior surface of the left ventricle including the 
left apex, except for a small segment of the basal portion of the anterior left ventricle 
near the septum. 

Type C (fig. 3B). The ventricular complex e.xhibits an rS or qRs complex, 
usually folio-wed by an upright T-wave. This type of extrasystole could be obtained 
only bj’- stimulation of points on the anterior and posterior surface of the right apex, 
from the anterior and posterior septal areas arid from a small segment of the basal 
portion of the anterior left ventricle. 



Fig. 4. Schematic DEAWiKG 
of the anterior and posterior sur- 
faces of the dog heart outlining the 
location and extent of the proxi- 
mal, intermediate and distal zones 
of lead tTR. 


The heart surface is, therefore, di-vided into three distinct zones from which ex- 
trasystoles of each of the above described types may be elicited (fig. 4). Zone A, 
from -which extrasystoles of the QS pattern are obtained, is designated as the proxi- 
mal zone of lead VR, since it consists of that portion of the heart surface lying closest 
to or ‘facing’ the exploring electrode on the right forelimb. Zone B, from which 
extrasystoles of the R pattern are obtained, is designated as the distal zone of lead 
\rR, since it consists of that portion of the heart surface lying furthest from or ‘facing 
away’ from the exploring electrode. Zone C, from which extrasystoles of the rS 
or qRs pattern are obtained, is designated as the intermediate zone of lead VR, since 
it consists of that portion of the heart surface which separates the proximal from the 
distal zones. 

Thus, when depolarization is experimentally initiated in any portion of the proxi- 
mal zone, the initial movement of the beam is downward. Conversely, when depo- 
larization is initiated in any portion of the distal zone, the initial movement of the 
beam is upward. Vflien depolarization is initiated in the intermediate zone, the direc- 
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tion of beam movement is variable. It may initially be deflected downward if the 
site of stimulation is adjacent to the proximal zone; upward, if the site of stimulation 
is adjacent to the distal zone; or the beam may remain stationary if the site of stim- 
ulation is equidistant from the two zones. From these observations it can be inferred 
■ that downward movement of the beam at any moment during the inscription of the 
QRS complex is due to preponderance of depolarization in regions of the heart which 
constitute the proximal zone, while an upward movement of the beam is due to pre- 
ponderance of depolarization in regions of the heart which constitute the distal zone. 

Effect upon ST-scgmciil oj Surface Injury from Application of ilf/5 KCl Solution 

or Superficial Cautery 

Method. Squares of filter paper soaked in M/5 KCl solution were applied to 
various segments of the heart surface according to the method of Kisch, Nahum and 
Hofi (10). After each application the filter paper was removed, the heart and peri- 
cardium were thoroughly washed with warm Ringer-Locke solution and time was 
allowed to permit the electrocardiogram to return to normal before treating a new 
area. Superficial burns were produced by cauterizing the surface of the heart. It 
has already been shown that such surface injury produces an injury current which in 
turn causes a persistent displacement of the diastolic baseline of the electrocardiogram 
(13). The direction of displacement of the diastolic baseline will depend upon the 
relation of the exploring electrode to the injured region. When the exploring elec- 
trode ‘faces’ the injured region it is in the field of negative potential, and the diastolic 
baseline will be displaced downward and result in an ‘elevation’ of the ST-segment. 
When the exploring electrode ‘faces away’ from the injured region, it is in the field 
of positive potential, and the diastolic baseline will be displaced upward and result 
in a ‘depression’ of the ST-segment. 

Application of KCl to various segments of the heart surface as well as super- 
ficial burning yielded one of three different effects: 

ST-segment elevation. This is obtained following treatment of the anterior and 
posterior surface of the right ventricle (except the right apex), and of the basal portion 
of the anterior left ventricle near the septum (fig. 5A). 

ST-segment depression. This is obtained following treatment of the left apex, 
the posterior left ventricle and the lower two thirds of the anterior left ventricle (fig. 

sC). 

No ST-segment displacement or minimal displacement up or down. This is ob- 
tained following treatment of the right apex and the anterior and posterior septal 
regions (fig. 5B). 

This experimental method permits determination of the areas of the heart which 
are so spatially oriented to the exploring electrode that when injured ST-segment 
elevation will result, and those areas which are so oriented to the exploring electrode • 
that when injured ST-segment depression will result. It can be seen that the areas 
of the heart which when injured result in ST-segment elevation are the same areas 
which have been found to constitute the proximal zone by the method of impressed 
potentials and forced epicardial extrasystoles. Similarly, the areas of the heart which 
when injured result in ST-segment depression are the same areas which have been 
found to constitute the distal zone. 
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Immediate Effects of Coronary Ligation on ST-segmenl 

Method. Individual coronary vessels were isolated by fine dissection and the 
artery and its accompanying veins were occluded by means of a silk ligature or a 
metal clamp. Successful occlusion of the vessels resulted in the prompt develop- 
ment of purplish discoloration of the heart wall supplied by the particular vessels. 
Electrocardiograms were taken at frequent intervals after occlusion. 

The following observations were made after coronary ligation: 

Occlusion of right coronary artery. This is usually followed by ischemia of the 
upper half of the anterolateral wall of the right ventricle. Lead ATI exhibits eleva- 
tion of the ST-segment (fig. 6A). 

Occlusion of posterior descending branch of right coronary. This is usually followed 
by ischemia of a portion of the posterior right ventricle. Lead VR exhibits an eleva- 
tion of the ST-segment (fig. 6B). 

Occlusion of anterior descending branch of left coronary. This is usually followed 
by ischemia of the anterior septal area, but the extent of ischemia varies in different 
animals because of anatomical variations in vessel distribution and of differences in 
the relative adequacy of collateral circulation. Lead VR may exhibit elevation, 
depression or no change in ST-segment (fig. 6C, D and E). 

Occlusion of lateral descending branch of left coronary. This usually produces 
ischemia of the anterolateral wall of the left ventricle. Lead VR exhibits depression 
of the ST-segment (fig. 6F). 

Occlusion of posterior descending branch of left coronary. This usually causes 
ischemia of the posterior left ventricle and the posterior left apex. Lead VR exhibits 
depression of the ST-segment (fig. 6G). 

Injury occurring in areas of the heart which lie in the proximal zone of lead VR, 
therefore, causes elevation of the ST-segment, while depression of the ST-segment 
occurs when injury is limited to areas of the heart lying in the distal zone. If an 
injury is so situated as to involve areas of the heart which lie botli in the proximal 
and the distal zones, as in the case of anterior septal infarcts, no ST-segment displace- 
ment may occur, or the direction of the displacement will vary, depending upon the 
relative extent of the infarction in each zone. 

No attempt has been made to correlate the changes of the T-wave occurring im- 
mediately after coronary artery ligation, since it is now known (14) that the drop in 
temperature at the surface of the heart on merely opening the chest wall is by itself 
sufficient to produce a striking effect on the configuration and direction of the T-wave. 
Only after the chest has been closed for several hours will the environmental temper- 
ature influences be eliminated and permit an analysis of the T-wave in relation to the 
factor of ischemia. 

Effect upon T-wave of Heal and Cold on Epicardial Surface 

Method. A flat circular metal chamber 2.8 cm. in diameter with inlet and out- 
let tubes was inserted through a slit in the pericardium and placed upon the epicardial 
surface of the heart. Control records were taken with the chamber in place. Then 
water at temperature of 5o°C. was continuously circulated through the chamber 
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while electrocardiographic records were being taken. A change in the temperature 
of the particular segment of the heart surface being thus treated was recorded by 



Fig. 5. ST-segment deviations following application of M/5 KCl to various parts of the heart 
surface. Dog, 9.0 kgm., male, 7/31/47. A, proximal zone, ST-segment elevated. B, intermediate 
zone, ST-segment isopotential. C, distal zone, ST-segment depressed. 

Fig. 6. ST-segment deviations following occlusion of various coronary vessels, i, control; 
2, following ligation. A, ligation right coronaiy artery and vein. Dog, 7.5 kgm., male, 1/6/48. 
ST-segment elevated. B, ligation right circumflex vessek. Dog, 4.1 kgm., female, 2/iTlifi. ST- 
segment elevated. C, ligation anterior descending branch left coronary artery. Dog, 8.7 kgm., 
male, 8/7/47. ST-segment slightly elevated. D, ligation anterior descending branch left coronary 
artery. Dog, 6.6 kgm., male, 9/2/47. ST-segment slightly depressed. jE, ligation anterior descend- 
ing branch left coronary arter3\ Dog, 9/11/47. ST-segment depressed. F, ligation lateral branch 
left coronary artery. Dog, 8.4 kgm., female. ST-segment depressed. G, ligation posterior descend- 
ing branch left coronary arterj'. Dog (same as in B). ST-segment depressed. 

Fig. 7. Effect of heating and cooling proximal and distal zones on the direction of the 
t-wave. Dog, 7.4 kgm., male, 9-4-47. i, chamber on proximal zone; 2, chamber on distal zone. 
■^1 control. B, water at 5o‘’C. circulating through chamber. Heating proximal zone, T-wave more 
lyright; heating distal zone, T-wave inverted. C, water at 2o‘’C. circulating through chamber. 
Cooling proximal zone inverts T-wave. Cooling distal zone makes T more upright. 

means of copper-constantan thermocouples fixed in position in the immediately over- 
tying pericardium. After each procedure time was allowed to permit the tempera- 
ture of the treated surface and the electrocardiographic changes to return to the con- 
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trol normal range. Water at 15 to 2o°C. was then circulated through the chamber 
and records again taken. During the heating and cooling of any particular region of 
the heart, simultaneous temperature readings were taken from several other regions 
of the heart by means of thermocouples inserted in the overlying pericardium in order 
to be certain that the temperature change had occurred only in the regions under 
study. This method permits the study of the effect upon the T-wave of accelerating 
and decelerating the repolarization process in the various zones. 

When repolarization of the proximal zone is accelerated by heating the anterior 
or posterior epicardial surface of the right ventricle, the T-wave becomes more posi- 
tive. When repolarization of this zone is slowed by cooling it, the T-wave becomes 
more negative. When repolarization of the distal zone is accelerated by heating the 
epicardial surface of the left ventricle, anterior or posterior, the T-wave becomes more 
negative. Conversely, delaying the repolarization of the distal zone by cooling it 
results in a more positive T-wave (fig. 7). 

DISCUSSION 

Electrocardiograms recorded in the manner described in these e.xperiments have 
been designated as unipolar, since the potential of the indifferent electrode is consid- 
ered to remain constant and approximate zero (i). The resulting beam movements 
are therefore considered to reflect solely variations in potential at the site of the e.x- 
ploring electrode. That the central terminal may indeed vary from zero has been 
demonstrated by Wolferth (15) and others (16). Leads taken in this manner, there- 
fore, are not truly unipolar but are so-called for convenience inasmuch as they tend 
to approximate unipolarity. Despite these considerations, the above experiments 
demonstrate that in such a lead the direction of beam movement following depolari- 
zation in various segments of the heart depends solely upon the spatial orientation of 
the depolarized areas to the exploring electrode. 

The effect of depolarization in any part of the areas of the anterior and posterior 
right ventricle (except the right apex), the upper third of the anterior septum and a 
small portion of the upper anterior left ventricle near the septum (the proximal 
zone) is to move the beam downward in lead VR. The effect of depolarization in any 
part of the areas of the anterior and posterior left apex, the posterior left ventricle 
and the lower two thirds of the anterior left ventricle (the distal zone) is to move the 
beam upward. 

The position of the beam at any given moment in the ventricular complex will 
be determined by the algebraic summation of the potentials arising from depolariza- 
tion at that moment of regions of the heart lying in the proximal zone which tend to 
move the beam downward, and potentials arising from depolarization of regions lying 
in the distal zone which tend to move the beam upward. When the beam is de- 
flected downward it indicates preponderance of electrical activity due to depolariza- 
tion during that moment in the proximal zone. Conversely, an upward movement 
of the beam denotes preponderance of electrical activity in the distal zone. K at any 
moment the algebraic summation of the potentials derived from depolarization in 
both zones is zero, the beam will remain stationary. If this occurs at the onset of the 
ventricular complex, the beam will remain at the isoelectric line even though excita- 
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tion of the heart is in progress. An isoelectric interval may, therefore, result from 
one or more of several possibilities; a) when the entire heart is depolarized and no 
currents are flowing; b) when initial or terminal depolarization is occurring in equal 
degree in botli proximal and distal zones; c) when initial or terminal depolarization is 
taking place in tlie intermediate zone; d) when repolarization is proceeding in equal 
degree in both proximal and distal zones; and c) when repolarization is completed 
ever}T\diere. In order to determine which of these possibilities is in operation in a 
given case it is necessaiy^ to obtain simultaneous recording of two or more ‘unipolar’ 
leads. 

If during any short intenml the algebraic summation of simultaneous potentials 
arising from proximal and distal zones gives rise to a constant value, the beam will 
remain stationary during that interval, inscribing a ‘plateau’ in the' ventricular 
complex. The position of the beam at any given moment in the T-complex is also 
determined by the algebraic summation of potentials derived from the various heart 
zones during the repolarization process. Wflien repolarization is proceeding more 
slowly in the distal zone than in the proximal zone, the proximal zone is electrically 
relatively positive with respect to the distal zone and an initial upward movement of 
the beam will occur, inscribing an upright T-wave. Conversely, initial downward 
movement of the beam will occur when repolarization proceeds more slowly in the 
proximal zone than in the distal zone and an inverted T-wave will therefore be in- 
scribed. Thus, one can infer from the direction of the T-wave the order of repolari- 
zation of the proximal and distal zones of lead VR. 

This knowledge of the nature of beam movements in lead VR gained from the 
present experiments permits an analysis of the normal ventricular complexes seen in 
this lead in the dog. The initial small R-wave, when present, indicates that a part 
of the distal zone is the first to receive the excitation process. The quick reversal of 
the beam downward indicates rapid spread of excitation to a part of the proximal zone. 
For this sequence to occur the first region of excitation in the distal zone must lie 
adjacent to the proximal zone (the anterior or posterior left ventricle near the sep- 
tum). The continued downward movement of the beam inscribing the downstroke 
of 5 signifies a preponderant spread of excitation to involve portions of the proximal 
zone (the right ventricle). The upstroke of S indicates later spread of excitation to 
involve the remaining portions of the distal zone (the major part of the left ventricle). 
When an R'-wave is present the downstroke indicates that the last region of the heart 
to be excited lies in the proximal zone. By other methods (17) it has been demon- 
strated that the right ventricle near the conus may be the last part of the heart to be- 
come depolarized. More specific localization of the spread of excitation in the dog 
heart can be derived from a study of three ‘unipolar’ extremity leads, VR, VL and VF, 
and one or two precordial leads recorded simultaneously, and this will be discussed in a 
subsequent communication. The ST-segment in lead VR is usually isoelectric. 
From an analysis of lead VR alone, it is not possible to state which one of, or com- 
bination of, the possible causes of isoelectric ST-segments discussed above may be 
responsible. 


and 


When the T-wave is upright in lead VR, it indicates that repolarization begins 
terminates in the proximal zone in advance of the distal zone. Since the major 
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portion of the proximal zone is depolarized in adv’^ance of the distal zone, its earlier 
repolarization might be expected. However, when the T-wave is normally found to 
be inverted, indicating a later repolarization of the proximal zone despite its earlier 
depolarization, the explanation for this is not yet apparent. 

The experiments herein described render untenable the hypothesis that varia- 
tions in the potential of the ventricular cavity are mainly responsible for the forma- 
tion of the ventricular complex in lead VR for the following reasons: a) Forced extra- 
systoles from a major portion of the epicardial surface of the anterior and posterior 
right ventricle and from the basal portion of the anterior left ventricle near the sep- 
tum show no initial R-wave, although according to the cavity potential hypothesis 
such an R-wave is to be expected since the right ventricular cavity would be electro- 
positive until the excitation process has spread through to involve the endocardial 
surface. Pallares e( al. (i8) on mechanical stimulation of the canine right ventricular 
surface also found that extrasystoles thus elicited exhibited no initial R-wave, but 
only a QS complex, b) When injury of the epicardial surface of the right ventricle 
or the basal portion of the anterior left ventricle near tlie septum is produced by the 
application of M/ 5 KCl or by superficial burning with cautery, the ST-segment is 
elevated, although it should be depressed if cavity potentials determine the nature of 
lead VR, since the injurj' is limited to the surface of the heart and the cavity would be 
in the electropositive field, c) If the direction of the T-wave is to be explained on the 
theory that the endocardial surface repolarizes later than the epicardial surface, thus 
rendering the cavity initially electronegative and the T-wave therefore inverted, 
heating the epicardial surface, thus further accelerating its repolarization, should 
render the T-wave more negative. However, the opposite occurs when the epi- 
cardium of the right ventricle is heated, the T-wave markedly increasing in positivity. 
On the other hand, delaying the repolarization at the epicardial surface of the right 
ventricle by cooling it should produce an upright T-wave, whereas these experiments 
reveal that the T-wave is invariably made more negative. That portion of the 
thicker anterior left ventricle which lies in the proximal zone of lead VR shows effects 
identical with those obtained from the thinner right ventricle. 

SXJMMARY 

1. The ventricular complex in lead VR is inscribed as a result of interference 
between electrical events due to depolarization in a region of the heart ‘facing’ the 
electrode (the proximal zone), which cause downward movement of the beam, and 
electrical events occurring in a region ‘facing away’ from the exploring electrode 
(the distal zone), which cause upward movement of the beam. 

2. For lead VR the proximal zone consists of the anterior and posterior right 
ventricle (except for the right apex), the upper third of the anterior septum and a 
portion of the upper anterior left ventricle near the septum. The distal zone con- 
sists of the anterior and posterior left apex, the posterior left ventricle and the lower 
two thirds of the anterior left ventricle. There is an intermediate zone separating 
the proximal and distal zones which consists of the anterior and posterior right apex, 
the anterior and posterior septal areas and a small portion of the basal anterior left 
ventricle. 
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• 3. The spread of excitation and recoverj’^ in the various parts of the dog heart 
have been roughly charted by analyzing the position of the beam at successive mo- 
ments in the ventricular complex. 

4. Injury to the licart can be localized by study of * ST-segment deviation. 
Elevation of the ST-segment indicates existence of injury in the proximal zone, while 
depression of the ST-segment denotes injury in the distal zone. 

5. Localization of the site of origm of ventricular extrasystoles may be deter- 
mined from their configuration. Tliose that arise in the proximal zone exhibit a 
QS complex; those that arise in the distal zone exhibit an R-complex; while those 
that arise in the intermediate zone exhibit an rS or qRs complex. 

6. The order of repolarization in the heart can be determined from the configura- 
tion of the T-wave. An upright T-wavc results when that portion of the left ven- 
tricle which lies in the distal zone repolarizes more slowly than the right ventricle. 
Conversely, an inverted T-wave develops when the right ventricle repolarizes more 
slowly than the left ventricle. 
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NATURE OF ‘UNIPOLAR’ EXTREMITY LEADS IN THE DOG/ 

LEAD YL 

L. H. NAHUM, H. M. CHERNOFP AND W. KAUFMAN 
From the Laboratory of Physiology, Yale University School of Medicine 

NEW HAVEN, CONNECTICUT 

I N THE dog, the ‘unipolar’ extremity lead VL may normally exhibit one of 
several patterns (fig. i). These patterns resemble those found in man when 
the heart is considered to be in a ‘vertical’ position (i). The currently ac- 
cepted explanation for the derivation of this complex is based upon the assumption 
that in a heart which lies in a ‘vertical’ position the exploring electrode situated upon 
the left forelimb ‘looks’ into the cavity of the left ventricle and thus mainly reflects 
the variations in potential of this cavity during the cardiac cycle (i). . The results 
already obtained from the study of the nature of lead VR (2) have brought into seri- 
ous question the explanation that because an electrode ‘faces’ a cavity of the heart the 
electrocardiogram recorded by it reflects mainly the changing potential of that cavity. 

In the following experiments, methods similar to those employed in the study of 
lead VR were used to determine the derivation of lead VL. It was found that lead 
\rL is derived from an interference between instantaneous electrical events durmg 
the cardiac cycle occurring in regions of the heart designated as proximal, inter- 
mediate and distal with respect to the position of the exploring electrode. Lead VL 
was recorded by pairing an exploring electrode inserted subcutaneously in the left 
forelimb with a central terminal electrode constructed as described previously (2). 

Impressed Potenlials 

When one electrode was placed on any point on the upper two-thirds of the an- 
terior surface of the heart and the other electrode on the apex or posterior surface of 
the heart, negativity of the electrode on the anterior surface caused a downward move- 
ment of the beam in lead VL (fig. 2A). Reversal of polarity so that the electrode on 
the upper anterior surface was positive resulted in ah upward movement of the beam 
in lead \T. (fig. 2B). 

This method permits a rough delimitation of those regions of the heart which when 
made negative at their surface result in a downward movement of the beam in this 
lead (the proximal zone), and those regions which when made negative at their sur- 
face result in an upward movement of the beam (the distal zone). More exact de- 
limitation of the location and extent -of the various zones is described below. 
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Forced Epicardial Exlrasysloles 

Stimulation of many points on the anterior and posterior surfaces of both ven- 
tricles yielded three different types of extrasystoles. 

Type A (fig. 3A). The ventricular complex e.xhibits a QS deflection and an up- 
right T-wave. This type of extrasystole could be obtained only by stimulation of 
points on the upper two-thirds of the anterior right and left ventricle, and from the 
extreme basal portion of both ventricles posteriorly. 

Type B (fig. 3C). The ventricular complex exhibits a large R-wave followed by 



Fig. I. A, B, AND C ARE VARIOUS NORMAL PATTERNS Seen in dogs under Dial anaesthesia before 
the chest is opened. There are variations in the QRS complex and in the direction of the T-wave. 

Fig. 2. Dog, male, 6.5 kgm., 10/23/47. One electrode on various points of the upper tw’o- 
thirds anterior surface of the heart and another electrode on various points lower two-thirds posterior 
surface of the heart. A, impressed negativity at electrode on anterior surface. The beam moves 
downward. B, impressed negativity at electrode on posterior surface. The beam moves upward. 

Fig. 3. Patterns of extrasystoles elicited by stimulation of the epicardial surface of the 
various segments of the heart. Dog, female, 6.0 kgm., 10/28/47. > extrasystoles elicited from the 

upper two thirds of the anterior surface of the right and left ventricles, and from the extreme basal 
portion of both ventricles posteriorly. Initial movement of the beam is downward. B, extrasystoles 
elicited from the anterior surface of both ventricles just above the apex, and from the posterior surface 
of both ventricles near the base. Small initial upward deflection followed by downward deflection. 
C, extrasystoles elicited from the right and left apex, anterior and posterior, and from the lower two 
thirds of the posterior surface of both right and left ventricles. Initial upward movement of the 
beam. 


an inverted T-wave. This type of extrasystole could be obtained only by stimulation 
of points on the anterior and posterior right and left apex, and the lower two-thirds 
of the posterior surface of both right and left ventricles. 

Type C (fig. 3B). The ventricular complex exhibits an rS or qRs complex, 
usually followed by an upright T-wave. This type of extrasystole could be obtained 
only by stimulation of points in a narrow segment across the anterior surface of the 
heart just above the apex and from a narrow segment across the posterior surface 
of the heart near the base. 

The heart can, therefore, be divided into three distinct zones for lead (fig. 4). 
That portion of the heart from which extrasystoles of the QS pattern are obtained is 
designated as the proximal zone of lead VL; that portion of the heart from which 
extrasystoles of the R pattern are obtained is designated as the distal zone; that por- 
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tion from which extrasystoles of the rS or qRs pattern are obtained is designated as 
the intermediate zone. When the first portion of the heart to become depolarized 
lies in the proximal zone, the initial movement of the beam is downward. Con- 
versely, when depolarization first occurs in a portion of the distal zone, the beam 
first moves upward. 

Effect upon ST-segmcnt of Surface Injury from Application of M/ s KCl or Superficial 

Cautery 

ST-segmenl elevation. This is obtained following production of epicardial injur}^ 
in the upper two-thirds of the anterior surface of the right and left ventricles (the 
proximal zone, fig. 5A). 

ST-segment depression. This is only obtained following injury to the right or 
left apex or the lower two-thirds of the posterior surface of the heart (the distal zone, 

fig- 5C). 



Fig. 4. Schematic deamtng 
of the anterior and posterior sur- 
faces of the dog heart outlining the 
location and extent of the proxi- 
mal, intermediate and distal zones 
of lead VL. 


No ST-segment deviation. This usually occurs when injury is produced just 
above the apex anteriorly or near the extreme base posteriorly (the intermediate zone, 
fig- SB). 


Immediate Effects of Coronary Ligation on ST-segment 

The following obser\'^ations were made after coronary ligation: 

Occlusion right coronary artery. This usually results in ischemia of the upper half 
of the anterolateral wall of the right ventricle. The ST-segment becomes elevated 
(fig. 6A). 

Occlusion posterior descending branch right coronary artery. This is usually fol- 
lowed by ischemia of a portion of the posterior right ventricle. The ST-segment may 
be slightly elevated (fig. 6B). 

Occlusion anterior descending branch left coron-ary artery. This is usually fol- 
lowed by ischemia of the anterior septal area. The ST-segment is elevated (fig. 6C). 

Occlusion lateral descending branch left coronary artery. This usually produces, 
ischemia of the anterolateral wall of the left ventricle. The ST-segment usually 
shows little change (fig. 6D). 
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Occlusion- posterior descending branch left coronary artery. This usually produces 
ischemia of the posterior left ventricle and the posterior left apex. The ST-segment 
is depressed (fig. 6E). 



Fig. 5. ST-segmenx deviations following application of M/s KCl to various parts of the 
heart surface. Dog, male, 9.0 kgm., 7/31/47, A, proximal zone, ST-segment elevated. j 5 , inter- 
mediate zone, ST-segment isopotential. C, distal zone, ST-segment depressed. 

Fig. 6. ST-segment deviations following occlusion of different coronary vessels, i, control; 
2, following ligation. A, ligation right coronary artery. Dog, male, 7.5 kgm., 1/6/48. ST-segment 
IS slightly elevated. B, ligation circumflex branch right coronary artery. Dog, female, 4.1 kgm., 
V17/48. ST-segment isopotential. C, ligation anterior descending branch left coronary artery. 
Dog, male, kgm., 8/15/47. ST-segment elevated. D, h'gation lateral branch left coronary 
arter3^ Dog, female, 8.4 kgm., 1 2/1 1/47. ST-segment isopotential. jE, ligation posterior descend- 
ing branch left coronary artery. Dog, female, 4.1 kgm., z/17/48. ST-segment depressed. 

Fig. 7. Effect of heating and cooling proximal and distal zones on the direction of the T- 
'vave. Dog, male, 7.4 kgm., 9/4/47. i, chamber on proximal zone; 2, chamber on distal zone. 
A, control. B, water at so°C. circulating through chamber. Heating proximal zone, T-wave more 
Uptight; heating distal zone, T-wave inverted. C, water at 20°C. circulating through chamber. 
Pooling proximal zone inverts T-wave. Cooling distal zone makes T more upright. 

When injury is limited to the proximal zone of lead tire ST-segment is found 
to be elevated. Injury limited to the distal zone results in depression of the ST-seg- 
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merit. When injury extends into both zones there may be no deviation of the ST- 
segment or the direction of deviation may vary, depending upon the relative extent 
of injury in each zone. 

Effect upon T-wave of Heal and Cold on Epicardial Surface 

When repolarization of the proximal zone is accelerated by heating the epicardial 
surface of the upper two-thirds of the anterior right and left ventricles, the T-wave 
becomes more positive (fig. 7). When repolarization of this zone is slowed by cooling 
it, the T-wave becomes more negative. When repolarization of the distal zone is 
accelerated by heating the epicardial surface of the apex or the lower two-thirds of the 
posterior right and left ventricles, the T-wave becomes more negative. Delaying the 
repolarization of this zone by cooling it results in increased positivdty of T, 

DISCUSSION 

The direction of beam movements in lead VL is found to vary with the spatial 
relation of the region of the heart being depolarized to the position of the exploring 
electrode on the left forelimb. When depolarization occurs in any portion of the 
proximal zone (the upper two-thirds of the anterior surface of the right and left 
ventricles and the extreme basal portion of the posterior surface of the heart), the 
beam moves do^vnward. When depolarization occurs in any portion of the distal 
zone (the apex and the lower two-thirds of the posterior surface of the heart), the 
beam moves upward. Depolarization occurring in the intermediate zone which 
separates the proximal and distal zones may result in no movement of the beam. 

The factors which determine the position of the beam at any given moment 
during the excitation and recovery process have aheady been discussed in detail in 
the preceding communication dealing with the nature of lead VR (2). 

Knowledge of the areas of the heart which lie in the proximal, intermediate and 
distal zones of lead VX. permits the following analysis of the deflections which occur 
in the normal ventricular complex in this lead. Lead \T, usually exhibits a Qr com- 
plex followed by an inverted or upright T-wave (fig. i). The initial downward de- 
flection. indicates that excitation first occurs in a portion of the proximal zone (the 
upper^ two-thirds of the anterior surface of the heart). The reversal of the direction 
of beam movement producing the upstroke of the Q-wave to the peak of the R-wave 
ihdicates spread of the excitatory process to involve regions lying in the distal zone 
(the,apex and the major portion of the posterior surface of the heart). The down- 
stroke of the R-wave indicates terminal excitation again of some portion of the proxi- 
mal zone. More specific localization of the spread of the excitatory process will be 
presented in a subsequent communication from analysis of leads VR, and VF 
recorded simultaneously. 

• i-j'.The factors which may be responsible for the isopotential ST-segment cannot be 
determined from an analysis of lead XT, alone (see lead VR (2) for discussion of iso- 
potential ST-segments).' An upright T-wave in this lead indicates that repolarization 
in the distal zone is proceeding more slowly than in the proximal zone. Conversely, 
an, inverted T-wave indicates that repolarization of the proximal zone is proceeding 
more slowly than that of the distal zone. 
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The experiments herein described confirm the conclusions reached in the preced- 
ing communication that variations in cavity potential cannot be the basis for the 
origin of the ‘unipolar’ extremity lead electrocardiogram. Forced extrasystoles from 
the upper two-thirds of the anterior surface of the left ventricle exhibit a QS de- 
flection, while those elicited from the posterior surface of this ventricle as well as 
from the apex show only an R-complex. Since all these points on the anterior and 
posterior epicardial surface are in the same relation to the cavity of the left ven- 
tricle, the extrasystoles should all exhibit an initial R-wave in a lead which is con- 
sidered to reflect the variations in potential of the left cavity. In each case the 
cavity would remain electropositive until the excitatory process had spread through 
the tliickness of the left ventricle and had reached the endocardial surface. Forced 
extrasystoles from the upper two-tlrirds of the anterior right ventricle also exhibit 
a QS deflection, whereas if variation in potential of tlie left ventricular cavity deter- 
mined the nature of lead \T1., tliere should be an initial R-wave in tire extrasystole 
since the cavity would remain electropositive until the excitatory’’ process initiated 
on the surface of the right ventricle had finally spread to the endocardial surface of 
the left ventricle. Injury to the anterior surface of the heart invariably produces 
an elevation of the ST-segment in lead \rL. Since the cavity of the left ventricle 
is ‘facing away’ from tire injured surface and would therefore be in the positive field, 
an ST-segment depression would be expected. 

The conclusions here reached about tire origin of the T-wave are completely at 
variance with explanations current in the literature (3, 4) which hold that the con- 
figuration of 'the T-wave rnay be caused by differences in rates of repolarization of the 
endocardial and epicardial lamellae of the heart. According to tlris view, an upright 
T-wave in a ‘unipolar’ lead which ‘faces’ the cavity of the heart r.esults when the 
endocardium repolarizes more rapidly than tire epicardium; conversely, an inverted 
T-wave results when the epicardium repolarizes more rapidly than the endocardium. 
This concept is rendered untenable by the following observations: c) accelerating the 
repolarization at the epicardial surface of the anterior right and left ventricle by heat 
results in a more positive T-wave rather than a more negative one; 6) slowing re- 
polarization of the epicardial surface of tlie anterior right and left ventricles by cool- 
ing it results in a more negative T-wave rather than a more positive one; c) accelerat- 
ing the repolarization at the epicardial surface of the posterior left ventricle by heat 
results in increased negativity of the T-wave while similar treatment of the anterior 
surface of the left ventricle results in increased positivity of the T-wave. In each 
mstance repolarization of the epicardium is accelerated although the alteration in 
T-wave is in the opposite direction. 

SUMMARY 

1. Lead VL is inscribed as a result of interference between electrical events due 
to depolarization occurring in regions of the heart ‘facing’ the exploring electrode (the 
proximal zone), which cause downward movement of the beam, and electrical events 
occurring in regions ‘facing away’ from the exploring electrode (the distal zone), 
which cause upward movement of the beam. 

2. For lead VL the proximal zone consists of the upper two-thirds of the anterior 
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right and left ventricles and the extreme basal portion of the posterior surface of both 
ventricles. The distal zone consists of the right and left apex and the lower two- 
thirds of the posterior surface of the heart. There is an intermediate zone separating 
the proximal and distal zones which consists of a narrow segment across the anterior 
surface of the heart just above the apex, and a narrow segment across the posterior 
surface of the heart near the base. 

3. The spread of excitation and recovery in the various parts of the dog heart has 
been roughly determined from an analysis of the position of the beam in this lead at 
successive moments in the ventricular complex. 

4. Injury to the heart can be localized b}'' a study of ST-segment deviation. Ele- 
vation of the ST-segment indicates existence of injury in the proximal zone, while 
depression of the ST-segment indicates injury in the distal zone. 

5. Localization of site of origin of ventricular extrasystoles may be determined 
from their configuration. Those that arise in the proximal zone exhibit a QS com- 
plex; those that arise in the distal zone exhibit an R complex; while those that arise 
in the intermediate zone exhibit an rS or qRs complex. 

6. The order of repolarization in the heart can be determined from the configura- 
tion of the T-wave. An upright T-wave indicates that the proximal zone repolarizes 
more rapidly than the distal zone. An inverted T-wave indicates that the proximal 
zone repolarizes more slowly than the distal zone. 
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NATURE OF ‘UNIPOLAR’ EXTREMITY LEADS IN THE DOG' 

LEAD VF 

L. H. NAHUM, H. M. CHERNOFF= AND W. KAUFMAN 
From the Laboratory of Physiology, Yale University School of Medicine 
NEW ItAVEN, CONNECTICUT 

I N THE dog the ‘unipolar’ extremity lead YF normally exhibits one of several 
patterns (fig. i). lliese correspond closely with the patterns usually seen in 
man. It has already been demonstrated that the ‘unipolar’ extremity leads 
VRand IT. (i, 2), as well as ‘unipolar’ prccordial leads (3), develop as a result of 
interference between electrical events due to depolarization occurring in specific 
pro.ximal, intermediate and distal regions of the heart, and that the location and 
e.xtent of these regions varj' with the position of the exploring electrode. 

In order to determine the derivation of lead VF it is, therefore, only necessary 
to delimit the areas of the heart which lie in the proximal, intermediate and distal 
zones of this particular lead. To accomplish this, methods which have been de- 
scribed previously were employed (i). 

Lead VF xvas recorded by pairing an exploring electrode inserted subcutaneously 
in the left hindlimb with a central terminal electrode constructed as described pre- 
viously (i). 

RESULTS 

Impressed Potentials 

When one electrode was placed at any point on the surface of the left apex or on 
the posterior left ventricle and the other electrode at any point on the surface of the 
right ventricle, negativity of the electrode on the left ventricle and positivity of the 
electrode on the right ventricle caused a doxvnxvard movement of the beam in lead VF. 
Reversal of polarity so that the electrode on the left ventricle w'as positive resulted in 
an upward movement of the beam (fig. 2). This method permits a rough delimita- 
tion of those regions of the heart surface ■which, when made electronegative, result in 
downward movement of the beam, and those regions of the heart surface which, when 
made electronegative, result in upward movement of the beam. 

Forced Epicardial Extrasystoles 

Stimulation of selected points on the epicardial surface of both ventricles, an- 
terior and posterior, yielded three different types of extrasystoles. 

Type A (fig. 3A). The ventricular complex exlribits a QS complex and an 
Upright T-wave. This t3rpe of extrasystole can be obtained only by stimulation of 
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points on the anterior and posterior left apex, the lower third of the anterior left 
ventricle and the posterior left ventricle. 

• Type B (fig. 3C). The ventricular complex exhibits a large R-wave followed by 
an inverted T-wave. This type of extra -ystole could be obtained only by stimulation 
of points on the anterior and posterior right ventricle (except the right apex) and the 
upper third of the anterior left ventricle. 

Type C (fig. 3B). The ventricular complex exhibits an rS or qRs complex us- 
ually followed by an upright T-wave. This type of extrasystole could he obtained 
only by stimulation of points on the right apex, the mid-third of the anterior left 
ventricle and the posterior septal area. 



Fig. I. A AND B ARE THE cOiQioNEST PATTERNS Seen in lead VF in the anesthetized dog. There 
are slight variations in the QRS complex. The T-wave is directed upright. 

Fig. 2. Dog, 4.6 kom., male, 10/9/47. One electrode on posterior left apex and another 
electrode on surface right lateral ventricle. A, impressed negativity at electrode on posterior left 
apex. The beam moves do^vnward. B, impressed negativity at electrode on right ventricle. The 
beam moves upward. 

Fig. 3. Patterns of extrasystoles elicited by stimulation of the epicardial surface of the 
various segments of the heart. Dog, 6.5 kgm., male, 10/23/47. A, extrasystoles elicited from the 
left apex, anterior and posterior, and from the posterior left ventricle. Initial movement of the beam 
is dowTiward. B, extrasystoles elicited from the right apex, the mid-third of the anterior left ventri- 
cle, and from the posterior septal area. Small initial upward deflection followed by downward 
deflection. C, extrasystoles elicited from the right ventricle, anterior and posterior, and from the 
basal portion of the left anterior, ventricle. Initial movement of tlie beam is upward. 

That portion of the heart from which extrasystoles of the QS pattern are ob- 
tained is designated as the proximal zone of lead VF ; that portion of the heart from 
which extrasystoles of the R pattern are obtained is designated as the distal zone; 
and that portion of the heart from which extrasystoles of the rS or qRs pattern are 
obtained is designated as the intermediate zone (fig. 4). 

Effect tipon ST-segment of Surface Injury from Application of M/y KCl or Superficial 

Cautery 

ST-segment elevation. This follows production of injury of the epicardial sur- 
face of the left apex, of the lower third of the anterior left ventricle and of the pos- 
terior left ventricle (the proximal zone, fig. 5A). 

ST-segment depression. This follows production of injury of the epicardial sur- 
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face of the anterior and posterior right ventricle and the upper third of the, anterior 
left ventricle (the distal zone, fig. 5C). . 

No effect upon the ST-scgmotl. This usually follows production of injury of the 
epicardial surface of tlie riglit ape.v, the mid-third of tlje anterior left ventricle and 
the posterior septal area (the intermediate zone, fig. 5B). 

Immediate Effects of Coronary Ligation on ST-segment 

Occlusion right coronary artery. Ischemia of the anterolateral wall of the right 
ventricle usually occurs. The ST-segment is found to be depressed (fig. 6A). 

Occlusion posterior descending branch right coronary artery. Ischemia of a por- 
tion of tlie posterior right ventricle usually occurs. The ST-segment is found to be 
depressed (fig. 6B). 



Fig. 4. Schematic DRA^VING 
of the .anterior and posterior sur- 
faces of the dog heart outlining the 
location and e.vtent of the proxi- 
mal, intermediate and distal zones 
of lead VF. 


Occlusion anterior descending branch left coronary artery. Ischemia of the an- 
terior septal region occurs. The ST-segment is usually slightly depressed (fig. 6C). 

Occlusion lateral descending branch left coronary artery. Ischemia of the antero- 
lateral wall of the left ventricle occurs. The ST-segment is found to be elevated 
(fig. 6D). 

Occlusion posterior descending branch left coronary artery. Ischemia of a pbrtion 

of the posterior left ventricle occurs. The ST-segment is found to be elevated (fig. 

6 E). 

Thus when injury is limited to regions of the heart which are in the proximal 
zone of lead VF, the ST-segment is found to be elevated ; when injury is limited to 
regions lying in the distal zone, the ST-segment becomes depressed; when injury 
extends into portions of both zones, the direction of ST-segment deviation will vary, 
depending upon the relative involvement of each zone. 

Effect upon T-wave of Heat and Cold on Epicardial Surface 

When repolarization of the proximal zone is accelerated by heating the epicardial 
surface of the left apex and the posterior left ventricle, the T-wave becomes more 
positive (fig. 7). V^hen repolarization of this zone is delayed by cooling it, the T-wave 
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becomes more negative. When repolarization of the distal zone is accelerated by 
heating the epicardial surface of the right ventricle, the T-wave becomes more nega- 



Fig. 5. ST-segment deviations following application of M/5 KCl to various parts of the heart 
surface. Dog, 9.0 kgm., male, 7/31/47. yl, proximal zone, ST-segment elevated. R, intermediate 
zone, ST-segment isopotential. C, distal zone, ST-segment depressed. 

Fig. 6. ST-segmenx deviations following occlusion of various vessels, i, control; 2, following 
ligation. A, ligation right coronary artery. Dog, 7.3 kgm., male, 1/6/48. ST-segment is depressed. 
B, ligation circumflex branch right coronary artery. Dog, 4.1 kgm., female, 2/17/48. ST-segment 
is depressed. C, ligation anterior descending branch left coronary artery. Dog, 6.6 kgm., male, 
ST-segment slightly depressed. B, ligation lateral branch left coronary artery. Dog; 5.6 
kgm., female, 8/21/47. ST-segment elevated. E, ligation posterior descending branch left coronary 
artery. Dog, 4.1 kgm., female, 2/17/48. ST-segment elevated. 

Fig. 7. Epfect or heating and cooling proximal and distal zones on the direction of the 
T-wave. Dog, 6.6 kgm., female, 10/ 2/47. i, chamber on proximal zone; 2, chamber on 'distal zone. 
A, control. B, water at 5o°C. circulating through chamber. Heating pro.ximal zone, T-wave more 
upright. Heating distal zone, T-wave inverted. C, water at 2o°C. circulating through chamber. 
Cooling proximal zone inverts T-wave. Cooling distal zone makes T-wave more upright. 


tive. Conversely, delaying the repolarization of this zone by cooling it results in 
increased positivity of the T-wave. 
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DISCUSSION 

The initial direction of Ijcam movement in lead VF, just as it has been found for 
leads VR and \rL, varies with the spatial relation of the regions of the heart being 
depolarized or repolarized to the position of the exploring electrode situated on the 
left liindlimb. When depolarization occurs in the areas of the left apex, the lower 
third of the anterior left ventricle and the posterior left ventricle (the proximal zone), 
the beam moves downward. When depolarization occurs in the areas of the anterior 
and posterior right ventricle and the upper third of the anterior left ventricle (the 
distal zone), the beam moves upward. Depolarization of the right apex, the mid- 
third of the anterior left ventricle and the posterior septal area (the intermediate 
zone) may result in no movement of the beam. 

This knowledge of the areas of the heart which lie in each zone of lead VF permits 
an analysis of the deflections which normally occur in this lead. The ventricular 
complex seen in this lead usually consists of a large R-wavc followed by a small S- 
wave, an isoelectric ST-segment and an upright T-wave. The initial upward de- 
flection, therefore, indicates that initial c.xcitation is occurring in portions of the heart 
which lie in the distal zone of this lead, namel)’’, the right ventricle and the upper third 
of the anterior left ventricle. The downstroke of R is inscribed when the excitation 
process has spread preponderately to involve portions of the heart which lie in the 
proximal zone of this lead, namely, the left apex and the posterior left ventricle. 
The terminal reversal of the direction of the beam to inscribe the upstroke of S in- 
dicates late spread of the e.xcitatory process to some portion of the heart which lies 
in the distal zone. More specific localization of the spread of excitation will be dis- 
cussed in a subsequent communication dealing with analysis of several simultaneously 
recorded 'unipolar’ extremity leads. The upright T-wave indicates that repolariza- 
tion begins first in that portion of the heart which lies in the proximal zone of this 
lead, namely, the left apex and the posterior left ventricle. 

The results of these c.xperiments do not throw any further light on the validity 
of the ‘cavity potential’ theory. Since the exploring electrode in lead VF is con- 
sidered to ‘face’ the epicardial surface of the left ventricle, the experimental findings 
might be as well explained by the ‘cavity potential’ theory as by the ‘zonal inter- 
ference’ theory. However, the ‘cavity potential’ theory of the derivation of the 
ventricular complex has already been found to be invalid in the studies dealing with 
the nature of the precordial electrocardiogram (3) and the ‘unipolar’ extremity leads 
VR and VL (i, 2), and therefore it seems logical to explain the nature of lead VF also 
on the theory of ‘zonal interference.’ 


SUMMARY 

I. Lead VF is inscribed as a result of interference between electrical events due 
to depolarization occurring in regions of the heart ‘facing’ the exploring electrode (the 
proximal zone), which cause downward movement of the beam, and electrical events 
occurring in regions of the heart ‘facing away’ from the exploring electrode (the distal 
zone), which cause upward movement of the beam. 

2- For lead VF the proximal zone consists of the left apex, the lower third of the 
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anterior left ventricle and the posterior left-ventricle. The distal zone consists of the 
anterior and posterior right ventricle and the upper third of the anterior left ventricle. 
There is an intermediate zone which lies between the proximal and distal zones, which 
consists of the right apex, mid-third of the anterior septum and anterior left ventricle, 
and the posterior septal area. 

3. The spread of excitation and recovery in the various parts of the dog heart 
has been roughly determined by analyzing the position of the beam at successive 
moments in the ventricular complex. 

4. Injuiy’^ to the heart can be localized by study of the ST-segment deviation. 
Elevation of the ST-segment indicates injury in the proximal zone, while depression 
of the ST-segment indicates injury in the distal zone. 

5. Localization of the site of origin of ventricular extrasystoles may be determined 
from their configuration. Those which arise in the proximal zone exhibit a QS com- 
plex; those which arise in the intermediate zone exhibit an rS or qRs complex; those 
which arise in the distal zone exhibit an R complex. 

6. The order of repolarization in the heart can be determined from the configura- 
tion of the T-wave. An upright T-wave results when the proximal zone repolarizes 
more rapidly than the distal zone. An inverted T-wave results when the proximal 
zone repolarizes more slowly than the distal zone. 
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FACTORS im^OLVED IN' THE PRODUCTION OF PAROXYS- 
AIAL AFENTRICULAR TACHYCARDIA INDUCED BY 

EPINEPHRINE 

R. LENEL, A. VANLOO,' S. RODBARD AND L. N. KATZ 
From the Cardiovascular Dcparhncnt,- Medical Research Insiiiutc, Michael Reese Hospital 

CHICAGO, ILLINOIS 

4 FTER the usual priman’- rise in blood pressure and the reflex bradycardia 
L\ which follow the injection of epinephrine into unanesthetized animals, a 
X JL marked secondary increase in pressure followed by a paroxysm of ventricu- 
lar tachycardia can be seen (i). We have already shown that the degree and dura- 
tion of the secondary pressure rise and tachycardia depend primarily upon the 
amount of epinephrine injected (2), The sudden onset, within a beat or two, of these 
phenomena suggested that a neurogenic mechanism might be responsible for their 
production. This concept is supported by our findings that the ventricular tachy- 
cardia is inhibited by atropine (i), pentobarbital anesthesia, dibenamine (3) and to 
some extent by morphine (2). However, the mode of production of the ventricular 
tachycardia was not well understood. We, therefore, undertook electrocardiographic 
and blood pressure studies on several types of preparations in order to analyze the 
factors responsible for such aberrant cardiac action. 

METHODS 

Nine dogs weighing from 10 to 20 kgm. were anesthetized with morphine sulfate 
I mgm/kgm. and chloralose 100 mgm/kgm. Blood pressures were measured from 
the femoral artery with the Hamilton manometer and the electrocardiogram (lead 2) 
recorded with a direct-writing electrocardiograph (Viso-cardiette). Electrocardio- 
graphic records were obtained before, during and after the injection of epinephrine. 
Blood pressures were recorded continuously. This permitted a close correlation 
between the two sets of records. 


KESrrLTS 

r . Eff eels of Anesthesia on Paroxysmal V entricular Tachycardia. It was necessary 
to use an anesthetic agent which would not prevent the paroxysmal phenomena. 
This was accomplished by the use of chloralose which has been shown to produce 
general anesthesia without inhibiting the carotid sinus reflexes (4). Morphine was 
also given in order to obtain a more complete relaxation and to enhance vagal tone. 
We have shown (2) that morphine tends to partially inhibit the paroxysmal tachy- 
cardia. After a control electrocardiogram i mgm. of epinephrine was injected in- 

Received for publication April 13, 1948. 

Graduate Fellow of the Belgian American Educational Foundation. 

department is supported in part by the Michael Reese Research Foundation. 

Aided by the A. D. Nast Fund for Cardiovascular Research. 


SS3 



554 


LENEL, VANLOO, RODBARD AND KATZ 


Volume 153 


travenousty to determine whether paroxysmal ventricular tachycardia could be 
produced in each anesthetized animal. In several animals which showed a typical 
paroxysm with epinephrine in the unanesthetized state, the paroxysms could not be 
elicited after chloralose-morphine anesthesia. These animals were not used in the 
present study. Sinus bradycardia and varying degrees of A-V block were, however, 
present in all animals after the injection of epinephrine. The blood pressure and 
electrocardiographic findings were similar to those in the unaiiesthetized animal with 
the exception that the rate of the paroxj'^smal ventricular tachycardia did not exceed 
220/minute while without any anesthesia rates up to 400 beats/minute have been’ 
observed. 

2. Effect- of Vagoloviy. Both vagi were isolated after the control epinephrine 
injection in the anesthetized animals. Epinephrine was then again injected and as 
soon as ventricular tachycardia appeared both vagi were cut, either simultaneously = 
or successively. In 3 animals in which only one vagus nerve was cut during the 
paroxysmal ventricular tachycardia, the paroxysm was unafi’ected. In these animals' 
with unilateral vagotomy, parox^^smal ventricular tachycardia could be obtained with 
succeeding epinephrine injections. During a subsequent tachycardia induced by 
epinephrine the remaining vagus was sectioned. In each instance the tachycardia 
stopped within a few beats. (Subsequent injections of epinephrine did not elicit 
the ventricular tachycardia.) 

In 3 animals in which both vagi were cut simultaneously a few seconds after the 
onset of the epinephrine induced tachycardia, the paro.xysmal ventricular tachycardia 
stopped abruptly within 4 to S beats. It was replaced by sinus tachycardia or auricu- 
lar fibrillation with a rate more rapid than that of the preceding ventricular tachy- 
cardia. The injection of epinephrine into the bilaterally vagotomized animal now 
produced only an acceleration of the sinus rate, but never a ventricular tachycardia. 
In several instances, however, single ectopic beats were seen. 

3, Efect of Vagal Slvmdatioii or Acclylclioline Injection. In 12 experiments epi- 
nephrine injection was followed by electrical stimulation of the peripheral end of both 
cut vagi. The efi'ect of this peripheral vagal stimulation depended on the time which 
had elapsed since the injection of epinephrine. Stimulation during tlie first 15 to 
40 seconds produced either cardiac standstill as is ordinarily seen with vagal stimula- 
tion or I to 3 ventricular escapes followed by cardiac standstill or a slow idioventricu- 
lar rhythm. Not infrequently auricular fibrillation was manifest at the end of vagal 
stimulation. When 40 to 60 seconds elapsed after the injection of epinephrine, 
paroxysmal ventricular tachycardia sometimes appeared during the vagal stimulation. 
The rate of this tachycardia was equal to that of the paro.xysmal ventricular tachy- 
cardia observed before vagotomy. However, it was slower than the ventricular rate 
observed during the sinus tachycardia or auricular fibrillation induced by section of 
the vagi. The first ectopic ventricular beat was preceded by an R-R interval longer 
than that of the preceding beats. The ventricular tachycardia lasted either through- 
out the period of vagus stimulation or stopped abruptly to give way to cardiac stand- 
still or to a slow ventricular pacemaker. When more than 3 minutes elapsed between 
the injection of epinephrine and vagal stimulation, ventricular tachycardia could not 
be elicited by the vagal stimulation. The sensitive period in which vagal stimulation 
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elicited ventricular tachycardia corresponded to the usual time of occurrence of 
ventricular tachycardia in the intact animal. 

Ventricular tachycardia could also be produced by the intravenous injection of i 
to lomgm. of acetylcholine, injected at similar periods after tlic epinephrine injection. 
Ventricular tacliycardia was obtained in 8 trials when the acetylcholine was injected 
about IS to loo seconds after the injection of epinephrine. This corresponded with 
the time when ventricular tachycardia occurred after epinephrine in tlie animal with 
intact vagi. This tachycardia was usually preceded by sinus bradycardia and A-V 
block but sometimes appeared abruptly without such a transition. 

4. Effect of Maintaining the Blood Pressure at a Constant Level. In 3 anesthetized 
dogs with vagi intact the abdominal aorta was e.vposed through a midline abdominal 
incision. A ‘T’ cannula was introduced into the aorta between the renal and the 
iliac arteries, and connected to a pressure equalizer. The equalizer was designed so 
that as the blood pressure in the animal tended to rise after the injection of epineph- 
rine, blood would flow rapidly into the reservoir, resulting in no appreciable cliange 
in arterial pressure. As the pressure tended to fall in the animal, blood flowed from 
the equalizer back into the animal, with no change in pressure. Our equalizing 
system consisted of an air reserv'oir connected to an aspirator bottle and to a mercury 
manometer. The outlet at the bottom of the aspirator bottle was connected by 
means of a short wide rubber tubing to the cannula in the aorta. In these e.xperi- 
ments blood pressure was recorded from the aorta instead of the femoral artery. 
With the equalizer connected and the pressure in the bottle equal to that in the aorta, 
I mgm. of epinephrine was injected intravenously. The maintenance of constant 
pressure caused a loss of 300-500 cc. of blood into the aspirator bottle. After the 
epinephrine effect wore off the same or a slightly larger amount of fluid returned to the 
animal. 

The injection of epinephrine under these conditions caused a slight acceleration 
of the sinus rate rather than the usual slowing. No ectopic beats or rhythms ap- 
peared. 

5. Effect of a Sudden Increase in Blood Pressure by Abrupt Inf vision of Large 
Amounts of Fluid. In 3 e.xperiments at times when no epinephrine had been in- 
jected, the aortic pressure was raised suddenly for a few seconds by quickly increasing 
the pressure in the equalizer and allowing 300—500 cc. of fluid to flow into the animal. 
The pressure was increased instantly, but could be kept up only during the few 
seconds of rapid infusion. Immediately on cessation of the rapid inflow the blood 
pressure quickly returned to the pre-infusion level. The sudden rise in pressure 
caused only a momentary sinus bradycardia and the rate accelerated as soon as the 
pressure began to fall. No ectopic beats or rhytlims developed. 

_ Similarly produced rises in blood pressure after epinephrine was injected led to 
a smus bradycardia followed by'’ a nodal rhythm and, after a few seconds, by a par- 
oxysm of ventricular tachycardia. 

In I animal in which we were unable to obtain ventricular tachycardia with 
opuiephrine alone it was found that 2 J minutes after the injection of epinephrine a 
sudden rise in blood pressure produced by the rapid infusion of 300 cc. of blood pre- 
cipitated a paroxysm of ventricular tachycardia within one second. 



5S6 


LENEL, VANLOO, RODBARD AND KATZ 


Voluine ijj 


DISCUSSION 

Two factors, an increased irritability of the idioventricular pacemakers and a 
depression of the sinus and A-V nodal pacemarkers, appear necessary to explain the 
occurrence of paroxysmal ventricular tachycardia in our type of experiments. This is 
in accord with the analysis of Hoff and Nahum (5) and with the general concept first 
enunciated by Rothberger and Winterberg (6) over 30 years ago. 

The idioventricular pacemakers are normally suppressed by the more rapidly 
discharging higher pacemakers residing in the S-A and A-V nodes. Endogenous or 
exogenous stimulants such as epinephrine tend to excite the entire system of rhyth- 
mically discharging pacemakers and permit, under favorable circumstances, the 
appearance of active ectopic rhythms. Another factor which may have played a 
role in our experiments may have arisen from the direct stretching of the myocardium 
which is caused by the marked and abrupt blood pressure rise. 

The inhibition of the higher pacemakers is dependent upon the vagus or upon the 
introduction into the body of endogenous or e.\ogenous sources of acetylcholine. 
The vagus may be stimulated to increased activity through reflexes arising in pressor 
receptors. The increase in pressure attendant upon the injection of epinephrine or 
large amounts of fluid acts reflexly via the carotid sinus to produce vagal inhibition of 
the heart which is observed in the slowing of the sinus rate and the tendency for A-V 
block. The injection of acetylcholine produces similar effects through its action on 
the vagus. 

Our studies, like those of Hoff and Nahum, indicate that the two factors under 
discussion must act simultaneously in order to precipitate a paroxysm of ventricular 
tachycardia. Epinephrine alone does not produce this tachycardia in the vagoto- 
mized or atropinized animal because the higher pacemakers are not depressed. The 
prevention of the epinephrine pressure rise with the equalizer eliminates the carotid 
sinus reflex via the vagus and is thus comparable in its effects to that of atropine. 
The prevention of ventricular tachycardia by means of a pressure stabilizer has also 
been demonstrated recently in the cyclopropane anesthetized dog by Moe et- al. (7). 
Vagal stimulation alone fails to induce ventricular tachycardia because those ventricu- 
lar pacemakers which are responsible for the ventricular tachycardia are not stimu- 
lated. The exhibition of epinephrine followed by vagal stimulation either reflexly in 
the intact animal or directly in the vagotomized animal provide the prerequisites nec- 
essary for the production of paroxysmal ventricular tachycardia. Our experiments 
show that the balance between depression of the higher and excitation of the lower 
pacemakers is favorable for the production of ventricular tachycardia only during 
a short period of time after the administration of epinephrine. 

Hoff and Nahum (5) also showed that the ectopic pacemaker must have a faster 
rate than the normal pacemaker in order to take over the control of the heart. 
Vagotomy during the ventricular tachycardia shows how this ectopic pacemaker can 
be immediately suppressed by a faster sinus rate. While the rate of the ventricular 
tachycardia obtained by vagal stimulation in the vagotomized animal was slower than 
the preceding sinus rate this apparent contradiction is easily explained by the fact 
that the higher pacemakers are immediately suppressed by vagal stimulation. Since 
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the first beat in such a tachycardia is always preceded by an R-R interval longer than 
that of the preceding beats, this beat must be considered as a ventricular escape 
caused by the sudden depression of conduction and not as a vagal stimulation of 
the ventricle. If at this time the ventricle is sufficiently excited by epinephrine this 
ventricular escape leads into a ventricular tachycardia. 

SU^nUARY AND CONCLUSION 

Various factors involved in the paroxysmal ventricular tachycardia mduced by 
epinephrme were studied in the dog. Bilateral vagotomy during a paroxysm of 
ventricular tachycardia stopped this tachjxardia within a few beats in all animals. 
Neither epinephrine nor vagal stimulation alone are capable of inducing paroxysmal 
ventricular tac^Jiycardia in the vagotomized animal. Peripheral vagal stimulation or 
acetylcholine may produce ventricular tachycardia after the injection of epinephrine. 
^Maintenance of constant pressure after the injection of epinephrine b}'^ the use of a 
pressure equalizer prevents the occurrence of ectopic rhythms. A sudden rise in 
pressure during this period precipitates ventricular tachycardia. A rise in pressure 
without the injection of epinephrine does not produce ventricular tachycardia. 

It is concluded that two factors are involved in the epinephrine induced ventricu- 
lar tachycardia: a) hyperexcitability of the idioventricular pacemakers due to the 
presence of epinephrine — stretching of the myocardium due to the sudden increase 
in pressure may contribute to this effect; b) inhibition of the higher pacemakers 
through vagal stimulation. ' 
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PEODUCTION OF EXPERIMENTAL HEART FAILURE IN 
DOGS WITH INTACT CIRCULATION' 

ALBERT ROOS= AND JOHN R. SMITH 

From the Cardiovascular Division, Dcpartmcul of Medicine, Washinglou University School of 
Medicine and the Oscar Johnson Institute for Medical Research 

ST. LOUIS, MISSOURI 

T he manifestations and mechanism of congestive heart failure have held the 
interest of many mvestigators. Despite numerous studies, the facts immedi- 
ately concerned in the precipitation of myocardial insufficiency are not clear. 
In the heart-lung preparation, with its controlled circulation and lack of ner\mus in- 
flue.Tces these factors are better known. In the heart-lung preparation substances 
such as chloroform (i) or chloral hydrate (2) frequently provoke acute heart failure 
as shown by cardiac dilatation and pulmonary edema. Interruption of the coronary 
circulation by ligation or b}’’ drugs (3, 4) often produces similar results if ventricular 
fibrillation can be avoided. It is evident that in the heart-lung preparation, severe 
myocardial damage may lead to failure of the heart. 

However, these data cannot be apiilied to studies ol heart failure without further investigation 
of the innervated heart with intact circulation. Using the intact animals, congestive failure is difficult 
to produce. A number of observations may be cited. Orias (5) and Coelho and Rocheta (6) noted 
that heart failure may occur following myocardial infarction from coronary ligation, although 
ventricular fibrillation was most likely to occur. The role of anoxia and shock (7, 8) have been 
emphasized as important factors leading to myocardial weakness. Coelho and Rocheta (9) em- 
])loyed a novel method of inciting myocardial damage and failure. They injected a solution of 
silver nitrate into the wall of the left ventricle, jiroducing intense jiulmonary edema and apparent 
heart failure. Cataldi (10) later noted the same when he injected silver nitrate into the wall of the 
right ventricle. These observations do not ajipear to be conclusive because of the intense toxicity 
of silver nitrate for many tissues, including the lungs. Armstrong (ii) reported the occurrence of 
heart failure in rabbits following the introduction of highly irritating substances into the pericardiac 
sac. Bright and Beck (12) found that failure occasionally resulted from trauma to the heart. Their 
criteria for heart failure were not sharply defined. Furthermore, cardiac trauma frequently causes 
aberrant rhythms (13), with cardiac dilation, venous hypertension and a decrease in arterial pressure, 
in the absence of serious cardiac damage. Harrison and his co-workers (14) were able to produce 
heart failure in dogs by the use of either chloroform or potassium salts. Their procedures gave rise 
to certain features of myocardial insufficiency, but failed to clarify the jirecipitating factors. 

In the course of a study of pulmonary edema of cardiac origin, it became neces- 
sary to devise a means of provoking heart failure in dogs with intact circulation, with- 
out the use of drugs other than for anesthesia. It was thought that cardiac damage 
of a more general distribution than that following occlusion of a coronary artery might 
lead more constantly to frank failure of the heart muscle. This report concerns the 
description of such a method, and its effects on the circulation. 

Received for publication April 29, 1948. 

’ This study was aided by a grant from the Life Insurance Medical Research Fund. 

- Fellow under the Life Insurance hledical Research Fund. 

558 



June IQ4S 


EXPERIMENTAL HEART FAILURE 


559 


METHOD 

Dogs of 4.8 to 15-4 kilograms weight were used. Following anesthesia with 
sodium pentobarbital, artificial respiration was applied through a tracheal cannula. 
The thoracic cage was opened widely by splitting the sternum, rendering the heart 
readily accessible. Small pericardial incisions were made over the left ventricle and 
over the right atrial appendage. When hemostasis had been secured, the animals 
were given 30-50 mgm. of heparin intravenously. Arterial blood pressure was 
measured from the right common carotid artery using a mercury manometer. Right 
intra-atrial pressure was recorded by means of a water manometer connected to a 
glass cannula tied into tire atrial appendage; the base line was taken as the level of the 
orifices of the venae cavae. The heart rate was determined at frequent intervals. 

In order to produce diffuse and graded myocardial damage, a 3.3 per cent sus- 
pension of potato starch (Mallinckrodt) in physiological saline was used. Such 
material had previously been used b)’’ Binger and his co-workers (15) in studies of 
pulmonar}'- embolism. The greatest diameter of the starch particles ranges from 12 
to 72 micra, and the particles arc largelj'^ ovoid in shape. The 3.3 per cent suspension 
of starch contains approximately one million granules per cubic millimeter. After 
thorough shaking, i to 4 cc. of tlie suspension were injected rapidly through a hypo- 
dermic needle into the left ventricular cavity. During the injection, the aorta rvas 
occluded with the fingers immediately above the heart. Aortic occlusion was main- 
tained for another two to three seconds after the injection was completed. By means 
of this technique it was expected that most, if not all, of the injected particles found 
their way into the coronary arteries. Injection of the starch suspension was repeated 
at one to seven minute intervals as desired. 

IMiere the effects of increased blood volume on the damaged heart were to be 
investigated, a large ‘donor dog’ was anesthetized and lieparinized. A carotid artery 
of the ‘donor’ was connected to a femoral vein of the recipient dog. Flow of blood 
was measured by means of a Ludwig’s stromuhr introduced into the connecting tube; 
speed of flow could be controlled by a screw-clamp. 

Following the experiments, the hearts were removed from the body, rinsed free 
of blood and weighed. 

RESULTS 

Myocardial Damage by Coronary Embolization. Using 10 animals, i to 4 cc- 
of starch suspension were injected into the left ventricle at intervals of two to seven 
minutes. In all instances, white mottled areas, about i mm. in diameter became 
visible under the epicardial membrane of both left and right ventricles. The first 
two or three injections of suspension did not influence right auricular pressure. The 
arterial blood pressure varied in response: a rise or fall of 15 mm. Hg mean pressure 
was frequently noted; in several instances there was no significant change. Except 
for transient premature ventricular contractions, the heart rate was not observed to 
change. 

The effects of subsequent starch injections varied with the individual animal. 
In 7 dogs, definite myocardial insufficiency occurred from such treatment, although 
the events leading to failure were not uniform. With 4 of the animals, i to 5 addi- 
tional injections of the suspension (2 to ii cc.) resulted in a fall of arterial blood pres- 
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sure of 10 mm. Hg or less; in the remaining three animals a rise of 5 to 15 mm. Hg 
occurred. In the 7 experiments, the right intra-auricular pressure gradually in- 
creased by IS to 30 mm. of water in 15 to 35 minutes. There was no significant 
change in heart rate. Each of these experiments showed a sudden change in cardiac 
performance following the next (4th to 9th) injection of i to 3 cc. of suspension. 



Fig. I. Upper: Two photomicrographs of the myocardium, the small arteries and capillaries 
of which contain starch granules. Section stained with iodine. Lower; photomicrograph of lung 
of a dog following production of acute congestive heart failure from coronarj’^ embohzation with 
starch suspension. Congestion and moderate edema of the lung is apparent. Giemsa stain. X 125. 

Progressive cardiac dilatation occurred. Right auricular pressure rose 15-40 mm. 
water in i to 3 minutes, reaching a figure of 40 to 70 mm. water above the control 
level. Pulmonary edema ensued (engorgement, with numerous fine rales). There 
was then usually an associated decrease in heart rate, although heart action remained 
regular. Thereafter blood pressure fell to 25-40 mm. Hg. However, the rapid and 
striking increase in auricular pressure, dilatation of the heart, and pulmonary edema 
always appeared at a time when arterial blood pressure was still well elevated (80 
to 95 mm. Hg). 
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In 5 of the 7 animals, the heart was so extensively damaged that these manifesta- 
tions of heart failure catised death in one to five minutes. The hearts were enormously 
dilated, the rate slow, and the lungs filled with fluid. The right auricular pressures 
remained elevated, even after all cardiac activit)’’ had ceased. In two instances, pul- 
monary edema and cardiac dilatation gradually subsided, although right auricular 
pressure remained greatly elevated. Additional injections of 2 cc. of starch suspen- 
sion were necessary to accentuate heart failure ending in death. 

Table i summarizes the number of injections and total quantity of starch sus- 
pension required to provoke cardiac dilatation and pulmonary edema. It is noted 
that lo.o to 21.7 cc. of the suspension per 100 grams of heart muscle were necessary 
to cause these results. 

In 3 of the 10 experiments in this series, embolization of the coronary tree failed 
to provoke congestive failure. The introduction of i cc. of starch suspension pro- 
duced a precipitous fall of blood pressure in one e.xperiment. Two dogs exhibited a 
gradual fall of arterial tension following myocardial injury, with no rise in venous 
tension. 

Myocardial Injury from Coronary Embolism Folloxved by Infusion of Blood. Eight 
dogs were used employing the technique described before. Each of the animals re- 
ceived a total of 2.5 to 8 cc. of starch suspension, divided into i to 4 injections at in- 
terv'als of one to four minutes. No significant changes in arterial blood pressure or 
heart rate were noted following these injections, although in two experiments, the 
right auricular pressure rose 20 to 30 mm. of water. Following the last starch in- 
jection, the dogs were infused with 100 to 350 cc. of blood from the donor animal in 
a period of two to seven minutes. Neither cardiac dilatation nor pulmonary edema 
occurred; however, an increase of systemic blood pressure of 10 to 35 mm. Hg in- 
variably occurred and right auricular pressure usually further increased 5 to 20 
mm. of water. Thereafter, additional damage was inflicted on the heart by embo- 
lism, or further blood infusions were given. The procedures were repeated a vari- 
able number of times. 

In five experiments, the injury to the heart, together with blood infusion, re- 
sulted in a striking elevation of auricular pressure (45 to 130 mm. water above con- 
trol level), decrease in blood pressure and progressive cardiac dilatation and edema of 
the lungs. Table i summarizes these experimental data. The manifestations of 
acute heart failure persisted for 2 to 10 minutes. Death invariably occurred. 

Myocardial damage and blood infusion did not produce such changes in three 
of the experiments. In these instances there was a continued fall of blood pressure 
following myocardial insult which persisted in spite of large infusions of blood. The 
animals showed no rise of right atrial pressure nor other signs of insufiiciency of the 
heart. 

Myocardial Insuffciency from Initial Infusion of Blood Folloxoed by Coronary Em- 
bolism. Using 12 dogs, the experiments were begun with the continuous infusion of 
100 to 300 cc. of blood over a period of one to six minutes. This abrupt increase of 
blood volume produced a rise of systemic arterial tension of 20 to 60 mm. Hg, and an 
mcrease of right atrial tension of 5 to 25 mm. of water. After completion of the in- 
fusion (i to 7 minutes), starch suspension was injected (i to 3 cc.) into the left 
ventricular cavity. No significant changes were observed in cardiac performance. 



Tabie I. Summary of experiments 


DOG 

NO. 

■WT. 

HEART 

WT. 

STARCH REQUIRED TO 
PRODUCE C.D. AND P.E.i 

DOG 

NO. 

WT. 

HEART 

WT. 

STARCH AND BLOOD REQUIRED TO PRODUCE 
CJ>. AND P.E.l 

No. 

inj. 

Total 

vol. 

cc./ioo 

gras 

heart 

Starch 

Blood 

No. 

inJ. 

Total 

vol. 

CC./1OO 

gm. 

heart 


Total 

vol. 

Group I 

Group II 


ksm. 

gm. 


cc. 



kgm. 

gm. 


cc. 



CC. 

I 

7-3 

51 

4 

5-5 

10. 0 

8 

7.8 

51 

2 .* 

4.0 

8.0 

2 


2 

10.2 

58 

5 

9.0 

17.2 

9 

6.8 

62 

5 

8.0 

12.9 

2 


3 

6.8 

68 

6 

9.0 

13-2 

la 

8.0 

53 

4 

6.0 

ir -3 

2 


4 

15-4 

138 

6 

14.0 

10. I 

D 

13.0 

88 

S 

10. 0 

II -3 

2 

350 

5 

7-5 

69 

9 

iS-o 

21.7 

D 

8.6 

61 

4 

8.0 

I 3 -I 

3 

300 

6 

9-5 

70 

8 

13.0 

19.9 









7 

8.4 

60 

4 

8.0 

13-3 

■ 









Group III 







13 

6.8 

59 

1 

I.O 

1.7 

2 

200 







14 

7-3 

65 

3 

3-0 

4.6 

3 

300 







15 

7-3 

53 

2 

2.0 

3-7 


250 







16 

4.8 

37 

I 

1-5 

4.0 

2 

300 







17 

8.6 

80 

4 

8.0 

10. 0 

3 

365 







iS 

9.8 

68 


5-0 

7-4 

2 

27s 







19 

8.4 

75 

3 


10. 0 

I 

150 







20 

8.9 

58 

1 


3-5 

3 

300 







21 

8,0 

48 

5 


19.7 

3 

300 







22 

6.8 

46 

4 

8.0 

17.3 

2 

400 


Group 1 : Repealed injections of 3.3% starch suspension. Group II: Initial injection of starch 
suspension, followed by alternating injections of blood and starch suspension. Group HI: Initial 
injection of blood followed by alternating injections of starch suspension and blood. 

> c.d. = Gross cardiac dilatation; p.e. = pulmonary edema. 


Table 2. Protocol 
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\ 
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1 
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' jr 
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0 



no 

30 
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1 
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4.5 

■7 




1 

1 


5 

j 

1 

140 

60 

126 



7 

2.5 




i 



9 



150 

63 

144 



10 

3 







II 



120 

180 

80 


-1 — h-b 

12 1 



160 

140 

III® 

+++ 

-b-f-b 

14 



150 


132 

+++ 

-b+-b 

16 



90 


II2 

+ + 

H — h 

17 


100 

80 


100 

H — \~ 





0 






Dog no. rg, wt. 8.4 kgm., heart wt. 75 gm. 

’c.d. = Gross cardiac dilatation. -p.e. = Pulmonary edema. = Occasional ventricular 


extrasystoles. 
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Subsequent infusions and starcli injections in 10 of the animals resulted in a gradual 
rise in right auricular pressure of 40 to 50 mm. water. The rise in auricular pres- 
sure was associated with decrease in heart rate, pulmonary edema and cardiac 
dilatation. The arterial pressure usually fell only slightly, and in several instances 
remained above control level for several minutes. In fiv'e e.vperiments, dilatation 
of the heart and pulmonary edema subsided, although right atrial tension remained 
elevated. It is of interest that the majority of these 10 animals required much less 
starch suspension for the production of cardiac dilatation and pulmonar)’- edema than 
did the animals m the former two groups. Table 2 represents a typical e.vperiment. 

Two of the dogs in this series did not develop congestive failure. One showed a 
rapid fall of blood pressure following m3mcardial injury. The other received large 
infusions and as much as 8,5 cc. of starch suspension. Possibly an additional blood 
transfusion might have resulted in heart failure. 

DISCUSSION 

From these experimental data, it is evident that heart failure in animals with in- 
tact circulation can be produced with considerable constancy b)’- damaging the heart 
by coronarj’- embolism with starch granules. Myocardial incompetence was judged 
by the criteria of elevated right auricular pressure, dilatation of the heart, congestion 
of lungs and liver and of pulmonarj'’ edema. On the other hand, Orias (6) and others 
(7, 16) have noted that local damage from ligation of coronary arteries only occasion- 
ally produces congestive failure. In our experience it has occasionally been possible 
to ligate the three major coronary arteries, leaving only small visible segments of 
normal heart muscle, without causing heart failure. Such treatment usually leads to 
a precipitous fall in blood pressure, or to ventricular fibrillation. 

In a few of the experiments here reported, a fall of blood pressure, without rise 
in right auricular pressure, was also encountered. In view of the fact that cardiac 
output decreases after coronary ligation, even when the arterial pressure changes very 
little (19), it is probable that the acute hypotension observed by us was associated 
with a reduction in a cardiac output. Whether this reduction was primarily of 
cardiac (left ventricular) origin, or was due to an increase in the capacity of the pe- 
ripheral vascular bed, has not been determined. 

Starr and his associates (17) observ^ed the absence of congestion following severe 
burning of the right ventricular muscle, although a rise in venous pressure was noted 
terminally in some instances. While heat applied directly to the heart may destroy 
large masses of the heart muscle, a surprising amount of the musculature may be 
spared. Moreover, an increase in capacity of the peripheral vascular bed, resulting 
in decreased venous return, was not ruled out in their experiments. 

The damage inflicted by coronary starch embolism is diffuse, and involves the 
total myocardium. The extent of injury to the muscle fibers is difficult to judge his- 
tologically because insufficient time was allowed for anatomic changes to develop. 
It would seem that generalized and spotty injury to the heart muscle is more deleteri- 
ous to the function of the heart, than massive but localized damage. It is of interest 
that a fall in blood pressure or aberrant rhythms, which are common with the produc- 
tion of massive infarcts, occurred only infrequently in the present series of experi- 
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ments. Congestive failure could generally be produced with less starch suspension 
when the blood volume was first augmented by 100 to 250 cc. of blood. This quantity 
of blood, in the absence of cardiac damage, produces a small rise of arterial pressure 
and an elevation of right auricular pressure of not more than 20 mm. of water. The 
fact that increased work imposed upon the damaged heart facilitates the develop- 
ment of failure is in agreement with the recent work of Landis el al. (18). They stim- 
ulated tire muscles of the four extremities of the anaesthetized dog; when the heart 
had been damaged by ligation of a coronary artery, the ‘exercise’ resulted in a rise of 
central venous pressure lasting as long as activity was continued. 

The important difference between the experiments of Landis cl al. (18) and our 
experiments is that whereas coronary ligation alone produced a fall of venous pres- 
sure, coronary embolization produced a progressive rise in pressure. Also, even dur- 
ing exercise, infarcted hearts showed only a moderate increase in right auricular pres- 
sure as evidence of myocardial incompetence. In our experiments with starch, other 
manifestations of congestive failure eventually developed. It is possible that the 
fall in cardiac output which may follow coronary ligation (19) with an ‘unloading 
effect’ upon the damaged heart muscle, may occur only to a minor degree after starch 
embolization. 

The circulatory changes noted in these experiments are in accord with accepted 
concepts concerning the functional responses of heart muscle in preparations with 
controlled inflow and peripheral resistance (22, 23). These concepts may be restated, 
simply, as follows. As muscle elements are damaged, remaining intact fibers lack the 
force to eject all of the inflowing blood. The residual ventricular blood, added to 
tliat from the auricles, increases the ventricular diastolic volume. Myocardial com- 
pensation occurs when the discrepancy between inflow and output becomes adjusted 
through greater force exerted by tire lengthened muscle fibers. Intraventricular 
pressure at tlie end of diastole is increased, and consequently, intra-auricular pressure. 
Such changes may occur even when the venous return is diminished. With further 
myocardial damage, the remaining muscle fibers continue to fail in systolic discharge, 
the heart continues to dilate, and auricular pressure continues to rise. Essentially, 
such a sequence was observed in our experiments, and this progression of events in 
the faihng heart of the dog with intact circulation appears to conform to the concepts 
of Starling (22). Other observations on experimental animals with intact and ‘con- 
trolled’ circulation (23) are in agreement with those of the Starling heart-lung 
preparation. 

The introduction of right heart catheterization techniques in man has permitted 
a more accurate evaluation of cardiovascular performance in health and disease. 
Recent observations of the circulation in man (21) have suggested that changes in the 
magnitude of stroke volume may not be determined by corresponding clranges in 
right auricular pressure, and that the concepts of Starlmg may not be applicable to 
human cardiodynamics. It is true tliat under the condition of tire heart-lung experi- 
ments, increase in diastolic volume is accomplished by raising right auricular pressure. 
Furthermore, other observations on animals with intact circulation (23) and on man 
(24) indicate that an increase in ventricular diastolic filling may occur tlnrough a rise 
in right auricular pressure. However, Stead and Warren (21) suggest that the 
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cardiac output in man, under several conditions, may be significantly elevated as 
shown b}’’ the direct Fick procedure, although the mean right auricular pressure is 
‘within normal limits’. In tlieir procedure, right auricular pressure was measured 
by a saline manometer attached to the intracardiac catheter. It is important, 
however, that normal atrial pressure (respecting atmospheric pressure) varies from 
-27 to +27 mm. of water (25), so that a latitude of more than 50 ram. of water 
tension may occur in any such e-xperiment. Furthermore, unless special precautions 
are taken, a water manometer connected to an atrial catheter records pressures only 
during inspiration (26). A number of the subjects studied by Stead and Warren (21) 
had severe anemia or w'ere submitted to e.xercise. With increased depth of respira- 
tion in both conditions, increased negativity of intrapleural pressure occurred with 
fhe possibility that misleading atrial pressure recordings may have been obtained 
In short, the effect of decreased intrapleural pressure may be so great that a fall of 
atrial tension during inspiration is observed, whereas the ‘effective’ auricular pressure 
actual^ rose (24), together with cardiac output. 

The resistance to flow between auricle and ventricle is so small that very slight 
increments of right auricular pressure have pronounced effects upon ventricular filling. 
In the heart-lung preparation, an increase in right auricular pressure of only a few 
mm. of water may double the stroke volume (22a). The output is usually less than 
the output of the heart of the intact animal, possibly because of the poorer condition 
of the muscle of the heart-lung preparation. However, the phenomena probably do 
not differ in any qualitative way. 

It is possible that there are instances where accurately recorded right auricular 
pressure does not change, although stroke volume is increased. This situation can 
occur under only two conditions. The first is that ventricular diastolic volume 
increases without a rise of intraventricular pressure, \vhich may be described as a 
decrease in diastolic ‘tonus’ (27). With energj’- output per unit fiber length and 
mechanical efficiency remaining the same, an increased amount of blood would be 
ejected per stroke (Starling’s law). The second condition is that with no change 
in diastolic volume a larger volume of blood is ejected with each beat. This condi- 
tion presumes that normally a considerable quantity of blood remains in the ventri- 
cle after systole, and that either the energy output per unit fiber length or the me- 
chanical efficiency has increased. A change in diastolic tonus has been demonstrated 
experimentally in very few instances, notably after large doses of adrenalin (28). 
As to the second condition, an increased output of mechanical energy is known also 
to occur under the influence of adrenaline. However, it is questionable whether the 
residuum of blood in the ventricle, at least in the normal heart, is sufficient to ac- 
count for an appreciable increase in stroke volume. 

No conclusive experimental evidence is available indicating that one or both of the 
conditions mentioned operate in the human heart. 

StJMilARY 

A method has been described by which congestive heart failure can be produced 
in dogs with intact circulation with a considerable degree of constancy. The method 
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consists in the injection of a 3.3 per cent suspension of starch particles m physiologic 
saline into the left ventricular cavity, while the aorta is temporarily obstructed. 

Repeated injections of this suspension resulted first in a progressive rise of right 
auricular pressure. This change was followed by dilatation of the heart, congestion 
of the lungs and the liver, and by pulmonary edema. The arterial pressure did not 
fall significantly until after the full blown picture of congestive heart failure had made 
its appearance. Tlie experiments usually terminated in death. 

Congestive heart failure could generally be produced with less starch suspension, 
when the blood volume was first augmented by 100-250 cc. of blood. In a few ani- 
mals, congestive heart failure did not develop, but a precipitous fall in arterial pres- 
sure was obser\’^ed, leading to death. 

These results are discussed, and a critical sun'^ey is made of the changes in cai;- 
diod}'’namics which will affect ventricular filling and cardiac output. 

The authors are indebted to Dr. H. L. White, Department of Physiologj’, for many helpful 
comments. 
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JOINT REFLEXES AND REGULATION OF RESPIRATION 

DURING EXERCISE! 

ERNEST GARDNER AND JOHN JACOBS’- 
From The Department of Anatomy^ Wayne University College of Medicine 

DETROIT, MICHIGAN 

T he relation between muscular exertion and increased depth and rate of 
respiration is common knowledge. Whether this relation is neural or chem- 
ical is still not clear. In i8S8 Geppert and Zuntz (i) showed that hyperp- 
nea could be produced by tetanizing the hind limbs of animals whose spinal cords had 
been severed. The classical experiments of Haldane and his collaborators (2) led to 
the conclusions that chemical changes in the blood stream are the most important 
factors regulating the rate and depth of respiration. Nielsen (3) concluded that 
the increased pulmonary ventilation during severe exertion is the result of increased 
excitability of the respiratory centers Joward CO2. 

Recently doubt has been cast on the concept of chemical control. Harrison el at. (4) and 
Comroe and Schmidt (5) concluded that refle.xcs from limbs play a part in the hj'perpnea of e.xercise. 
The latter workers rc[)orted that passive flexion results in hyper|)nea in men, dogs and cats and indi- 
cated that in animals the reflexes arise largely or entirely in and around joints and not in muscles or 
tendons. Other investigators (6-8), from studies of human subjects, arrived at essentially similar 
conclusions. Comroe (9) minimized the role of COj and emphasized the importance of reflex factors. 
Gray (10) stated that limb reflexes arc one of the most important factors in the regulation of respira- 
tion. He indicated that these retle.xes originate in muscles, citing as reference the review by Comroe 
(9) who, with Schmidt (5), had concluded, however, that such reflexes originate in joints and not in 
muscles or tendons. 

The viewpoints expressed in the preceding six references have not gone unchallenged. Asmus- 
sen and Nielsen (7) reported that limb refle.xcs are important only during light work. Vr-Euler and 
Liljestrand (ii) found that even after section of the spinal cords of cats and dogs muscular work 
induced by electrical stimulation of either the distal part of the cord or of the hindlimbs was accom- 
panied by a corresponding increase in ventilation. .-Vn almost similar effect was obtained after va- 
gotomy and sinus denervation. Therefore they urged the necessity of a return to the hypothesis of 
direct chemical stimulation of the respiratory centers. 

Recently the innervation of the knee joint has been studied from anatomical and 
physiological viewpoints (12, 13). In view of the importance of the general field 
of respiratory regulation, and of the possible importance of reflexes originating in 
joints in such regulation, the nerves to the knee joints of cats and dogs have been 
studied from the standpoint of their role in respiratory mechanisms. 

METHODS 

The distribution of nerves to the knee joints of dogs was determined by dis- 
section. Six medial and 6 posterior nerves were removed, fixed in 10 per cent formalin 
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and sections cut at lo microns. These were stained either by the Bodian activated 
protargol method for axis cylinders or by a modified Masson’s method for myelin 
sheaths. The myelinated and nonmyelinated fibers were counted in each nerve. 

A variety of methods were used to record respiration. In a number of experi- 
ments, the trachea was cannulated and respiration recorded by means of an O2 filled 
spirometer. It was found early in the course of this study that respiratory changes 
during movements of the legs were minimal so long as trauma was avoided. In many 
of the e.xperiments, therefore, in order to avoid the trauma of inserting a tracheal 
cannula, other recording methods were used. For example, wire strain gages, con- 
nected as a Wdieatstone bridge, were mounted on a strip of brass, which was clamped 
at one end and placed across the thorax or abdomen. As the brass strip bent with 
respiratory' movements, the gages were deformed. Their resistance, and therefore 
the current flow through them, was altered. The resulting bridge imbalance was 
either amplified and recorded with an inkwriter or else led directly to a galvanometer 
of a geophysical oscillograph.* With proper precautions, this method gives an e.x- 
cellent indication of depth as well as rate of breathing. So long as the strip of brass 
is placed over the area of maximum excursion, usually the anterior abdominal waU, 
recorded changes in depth compare well with records obtained with the spirometer 
(fig. i). There is a disadvantage in that if limb movements are transmitted in any 
degree to the trunk, they cause vibrations in the brass strip and irregularities appear 
in the records. If the interference was marked, it was avoided by using a recorder 
consisting of a face mask, in the airway of which a thermocouple was placed. Poten- 
tial changes resulting from temperature differences in inspired and e.xpired air were 
either amplified and recorded with an inkwriter or led directly to a geophysical gal- 
vanometer. This method, however, did not give an accurate index of changes in 
depth of respiration. 

Blood pressure was recorded by means of a strain gage manometer (Statham 
Pressure Transmitter). This was connected to the right common carotid artery; 
5 per cent sodium citrate was the anticoagulant. The output of the manometer led 
directly to a geophysical galvonomcter. 

The following e.xperiments were carried out on cats and dogs anesthetized with 
sodium barbital or sodium pentobarbital, and occasionally with etlrer. 

I. Effects of Passive Flexion, a) Normal animals. Ten cats and 25 dogs were 
used. Their legs were passively flexed at rates of 150 to 300 per minute. The e.x- 
perinienter held the limbs at the ankles with one hand and with the otlier hand 
steadied the hips. Beyond this, no special attempt was made to prevent movements 
from being transmitted to the trunk. The method made it possible to detect changes 
in muscle tone in the moving limbs. In many of tlie animals, other stimuli were 
used. These included movements of the trunk brought about by pushing on the 
hips in such a way as to mimic transmission of movements during passive flexion; 


3 A geophysical galvanometer is a rugged instrument, usually of tlie moving coil tj'pe, which is 
available in a wide range of sensitivities. Banks of such galvanometers incorporated into compact, 
photographically recording oscillographs are ideal for many types of multiple recordmgs (16). A 
Hathaway oscillograph, which was used in the present experiments, contained galvanometers sensitive 
enough to be activated directly by strain gage and thermocouple pick-up units. 



fime mS 


JOINT REFLEXES AND RESPIRATION 


569 


trunk movements ^Yere also produced by rubbing the sides of the thorax; the tracheal 
cannula was pushed to and fro through a very short distance; cut skin and muscle 
edges were rubbed or massaged. All these stimuli were carried out for periods of 
one minute. In some of the animals, the experiments were repeated after section of 
the right vagus nerve. In 2 dogs, the right hind limb was amputated at the thigh, 
except for femoral vessels and sciatic nerve, and effects of passive flexion of the knee 
studied. In most of the experiments, there were intenmls of minutes or hours be- 
tween observations in order to record changes in rate and depth of respiration in 
animals at rest, b) Dcccrcbraie cats. Four additional cats were decerebrated by 




Fig. I. Upper, O2 I'lLVEU SPiROXCEXER, record obtained from 
iiuman sul)jcct who varied the rate and depth of his breathing. 
Lower, simultaneous recording using strain gage unit feeding into 
inkwritcr. Note that the gage recorder affords a good index of 
changes in depth. 


transection at the level of the superior colliculi after ether induction. The effects of 
passive flexion were studied about one hour after the decerebration, c) Dogs wifi! 
denervaied knee joints. In 4 dogs, the medial and posterior nerves to the knee joints 
were sectioned bilaterally under aseptic conditions. Five to 7 days later the effects 
of passive flexion were studied under conditions similar to those used with normal 
animals. 

2. Effects of Electrical Stimulation of Joint Nerves. In 9 dogs and 3 cats, various 
articular nerv^es were exposed and placed on silver electrodes. Stimuli from a thyra- 
tron stimulator were applied at varying intensities. Frequency was also varied; 
four per second was most commonly used. In a number of experiments the duration 
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of individual stimuli was also varied. The period of stimulation was usually one 
minute. In 2 of the dogs, the action potentials of joint ner\"es were recorded photo- 
graphically from a cathode ray oscillograph, and thresholds of the various com- 
ponents determined. 


RESULTS 

The distribution of nei^ms to the knee joint of the cat is known from previous 
work (12). In the dog there are at least two prominent articular branches. One of 
these arises from the saphenous nerve and accompanies blood vessels into the antero- 
medial region of the joint capsule. Some of its terminal branches pierce the capsule 
and enter the infrapatellar area. A nerve of similar origin, course and distribution 
is present in the cat. For purposes of simplicity, both are designated medial nerves. 
The other articular nervm in the dog is a branch of the tibial nerve. It arises in the 
popliteal fossa and enters the posterior region of the joint capsule. Occasional!}’- 
there are two or more such branches. In the cat the corresponding nerNm has a 
widespread distribution within the joint. Its larger fibers form RufEni-type endings 
in the fibrous layer of the posterior region of the capsule. According to Sfameni 
(14) endings of this type occur in the corresponding region of the capsule of the knee 
joint of the dog. Because of their position relative to the knee joint, these are desig- 
nated posterior ner\’-es. Other articular branches undoubtedly e.vist in the dog, 
and probably arise from the femoral, obturator and peroneal nerves as they do in the 
cat, but no attempt was made to study them in this investigation. In the dog, the 
posterior nerve averages appro.\imately 900 fibers of which 300 are myelinated. The 
medial nerve averages approximately 1400 fibers, of which 450 are myelinated. The 
shrinkage from the method of fixation and sectioning made an accurate determination 
of fiber sizes impossible. However, in each nerv'e the largest fibers were selected by 
inspection and their diameters measured. In all cases they were at least ii to 12 
microns in diameter. The shrinkage undoubtedly amounted to 10 or 20 per cent, 
so that the largest fibers in the articular nerves are more than 12 microns in diameter. 

In the cat, the posterior nerve is the larger, and in neither of the two nerves do 
the number of nonmyelinated fibers exceed the myelinated. Fibers as great in 
diameter as 16 microns are present, but most of the myelinated fibers fall into two 
groups which range from 2 to 5 and from 7 to 10 microns in diameter. 

Effects of Passive Flexion in Normal Cals (29 Observations in 10 Cals). Passive 
movements of one or both hind limbs produced a change in rate of respiration varying 
from — 14 per cent to +17 per cent, and averaging +2^ per cent. Figure 2a shows 
the frequency distribution of these changes. In none of these experiments w'as there 
any significant change in depth. These results differ from those of Comroe and 
Schmidt (5) who found that such experiments in cats affected mainly the depth of 
breathing. The rate changes recorded in the present study are not great, and the 
fact that a decrease in rate was as apt to result as an increase indicates that the 
changes may not be the result of passive flexion. This is borne out by the fact that 
in animals at rest, the rate of respiration frequently varies as much as 10 per cent from 
one minute to the next. Furthermore, in dealing with the same animal, successive 
observations often showed considerable differences. Thus, in the first observation 
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in one pnrticulnr anirnnl, a, 9 per cent increase in rate resulted 5 a 4 per cent decrease on 
the second; on tlie third and fourth trials, no change occurred. 

Ejects of Passive Flexion in Decerebrate Cats {21 Observations in 4 Animals). 
Passive flexion produced changes in rate of respiration varying from — 7 per cent to 
+60 per cent, and averaging approximately +18 per cent. Depth often increased 
as well, so that the increase in minute volume was undoubtedly even greater. In 
ail of the animals, extensor rigidity usually increased shortly after passive flexion 
was started. Frequently it became so marked that it was very difiicult to flex the 
legs. These changes in muscular activity and in respiration often persisted for 
several minutes after stopping passive flexion. 

Ejfccts of Electrical Stimulation of Joint Nerves. Electrical stimulation of the 



Perccnloge change in role of respirofion 

Fig. 2. ScMM,\RY OF CHANGES in respiration rate during passive flexion of hind limbs of cats 
and dogs. 

posterior nen^e at 4 volts caused a change in rate of respiration varying from no change 
to a 25 per cent increase, and averaging +8 per cent. The depth of respiration 
usually increased as well. When the intensity was decreased to 0.4 volts, the aver- 
age rate increase was 3 per cent. There ivere 19 observations in 3 cats of the effects 
of the above intensities. At intensities less than approximately 0.4 volts, there were 
no observable effects on respiration. The tlireshold for large myelinated fibers, as 
determined by stimulation of muscle nerves, was approximately 0.02 to 0.03 volts. 

Effects of Passive Flexion in Normal Dogs. The results were similar in character 
to those obtained in cats, but of greater magnitude. When respiration was recorded 
on an inkwriter or geophysical galvanometer, passive flexion was accompanied by 
changes in rate of respiration varying from —63 per cent to -f 105 per cent, and aver- 
aging -i-i6 per cent (85 observations on 19 dogs). Figure 2b shows the frequency 
distribution of these changes in rate. Emphasis is placed on rate rather than depth 
changes-because Comroe and Schmidt (5) reported that in dogs the respiratory re- 
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sponses to passive flexion are almost entirely increases in rate. In the experiments 
of the present study, changes in depth were extremely variable. At times there was 
little or no change (fig. 3); frequently it increased along with the rate; sometimes it 
increased when the rate decreased (fig. 4); occasionally it decreased when the rate 
increased (fig. 5E). In many of the dogs, there was enough reflex increase in muscle 
tone during passive flexion to make it difficult for the flexion to be carried out. 
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Fig. 3. RESPmATroN recorded with strain gage unit; blood pressure recorded with Statham 
Pressure Transmitter. Botli units fed into geophysical galvanometers. This dog was in a period 
of hyperpnea (ps/minutc) which did not change during passive flexion for one minute (between ar- 
rows). Blood pressure (95/77) showed only a slight initial drop. The irregularities in the records 
are the result of transmission of movements from the flexion. 
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Fig. 4. Respiration recorded with thermocouple unit feeding into an inkwriter. The dog 
was panting, but after passive flexion was begun (first arrow), respiration gradually increased in depth 
and decreased in rate and this persisted for a few seconds after flexion stopped (second arrow). 


In animals at rest, the rate of respiration frequently varied considerably from 
one minute to the next. For example, the following rates per minute w'ere recorded 
consecutively in a dog anesthetized with sodium pentobarbital: 12, 12, 12, 13, 12I, 
12^, 13, 13, IS, i6|, 18^, 19^-, i8-|, 16^, 15, i6|, 14-J-, 14, 14. These results indicate 
that changes supposedly induced by passive flexion could be partially or entirely the 
result of such spontaneous variations. In addition, m many animals, hyperpnea as 
great as 90 per minute (fig. 3 and 4) often appeared suddenly, persisted for varying 
periods of time, and as quickly disappeared. Similar periods of hyperpnea were 
observed by v. Euler and Liljestrand (ii). 
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In 5 animals whose blood pressure was recorded durmg passive flexion, either 
no change occurred, or else there was an initial 5 to 10 mm. drop which persisted for 
but a few respiratory cycles (fig. 3). 

Other stimuli were frequently as effective as passive flexion in altering respira- 
tion. For example, in an ainmal in which flexion caused a 105 per cent increase in 
rate, slight passively induced movements of the trunk for r minute caused an 82 per 
cent increase in rate. 

In dogs whose respiration was recorded by means of a spirometer (37 observa- 
tions on 12 dogs; 6 of these dogs had previously been studied when recording with an 
inkwriter), the following results were obtained. Passive flexion produced changes 
in^rate of respiration varying from —10 per cent to -I-79 per cent, and averaging 



Fig. 5. All records except E obtained with spirometer and read from right to left. E obtained 
with inkwriter and reads from left to right. The numbers indicate rates per minute and intervals 
between arrows indicate stimulation for i minute, A , 3 periods of passive flexion of hind limbs of dog; 
only on third trial was there any increase in rate and depth. B, Passive flexion resulting in increased 
rate and depth which died away gradually. C, Same dog as B; passive movements of trunk caused 
increase in rate persisting for several minutes. D, Passive flexion resulting in rate increase; note 
spontaneous alterations in rate during periods of rest. E, Passive flexion resulting in increase in rate 
and slight decrease in depth. F, Passive flexion of amputated right hind limb of dog resulting in 
slight increase in rate. G, Same dog as F ; cut muscles and skin edges in amputated stump massaged 
for one minute. Marked increase in rate which died away gradually. 

+28 per cent. The frequency distribution of these changes is shown in figure 2c. 
Sometimes little or no change in depth occurred (fig. 5A) while at other times it 
increased considerably and, along with the increase in rate, often persisted after the 
passive flexion stopped (fig. 5B). The flexion undoubtedly was accompanied by a 
transmission of movement or vibration to the trunk. This may have been a factor 
contributing to hyperpnea, as indicated by figure 5C which shows the respiratory 
response to passively induced movements of the trunk for i minute. Slight move- 
ments of the tracheal cannula during the passive flexion may have been another 
contributing factor since in animals whose respiratory responses were marked, pas- 
sively induced movements of the cannula produced similar responses, though of less 
magnitude. 

Spontaneous changes in rate of respiration, and to a lesser extent in depth, 
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occurred in animals at rest (fig. sD) just as they did in animals followed with the 
inkwriter or geophysical galvanometer. 

The effects of sectioning the right vagus nerve were quite variable. Passive 
flexion carried out immediately afterwards were usually without effect on respiration. 
However, 30 to 60 minutes later changes similar to those of normal animals were 
usually obtained. 

In 2 dogs, one hind limb was amputated at the thigh and the femur clamped so 
that flexion could be carried out without the transmission of movements to the trunk. 
The femoral vessels and sciatic nerve were left intact. The results of passive flexion 
were extremely variable although in general, if sufficient time elapsed after the am- 
putation, increases in rate and sometimes in depth of respiration were obtained. 
Further experiments of this type were not carried out because of the difficulty of 
evaluating the effect of movement of cut skin and muscle edges in this t3'pe of prepara- 
tion. Manipulation of any traumatized tissue maj' affect respiration markedly. 
Figure 5G illustrates the response to massage of cut muscles and skin in one of the 
amputated extremities. 

Effects of Passive Flexion in Dogs with Denervated Knee Joints {20 Observations 
in 4 Dogs). In 4 dogs whose medial and posterior ner\*es had been sectioned bilater- 
allj', passive flexion produced changes in rate of respiration varying from —3 per cent 
to -fin per cent, and averaging -f 23 per cent. The frequency distribution of these 
changes is shown in figure 2d. The denervation was not complete in any of these 
dogs since other, smaller branches undoubtedly reach the joint. In i dog, post- 
mortem examination showed that the posterior ner\’-e to one of the joints had not 
been sectioned at operation. 

The only complex endings consistently found in the knee joint of the dog and cat 
are Ruffini-type endings in the region of the capsule compressed during flexion, that 
is, the posterior part of tlie capsule. These endings are derived from the larger fibers 
in the posterior nerve. If joint movements are to have any reflex effects on respira- 
tion, it must be through stimulation of these complex and presumably proprioceptive 
endings during flexion, and yet the results in dogs whose posterior nerves were for the 
most part removed were scarcety distinguishable from those in normal dogs. 

Effects of Electrical Stimulation of Joint Nerves. Stimulation of either posterior 
or medial nerves was effective only at fairly high intensities. Twenty-three ob- 
servations in 9 dogs showed that stimulation at 4 volts caused a change in rate of 
respiration varying from —35 per cent to -f 73 per cent, and averaging -f 16 per 
cent. Depth of respiration usually increased whether or not the rate increased 
(fig. 6 and 7). Blood pressure nearly always dropped 5 to 40 mm., both systolic 
and diastolic, but returned to the previous level after a few respiratory cycles (fig. 6). 
In one instance, shortly after stimulation began, systolic pressure rose 27 mm. and 
diastolic 8 mm. Stimulation at 1.3 volts caused changes in rate varying from —2 
per cent to -f 38 per cent, and averaging -f 22 per cent (five obseni-ations). There 
was much less change in depth of respiration and in blood pressure. Stimulation at 
0.4 volts produced an average 12 per cent increase in rate (seven observations); 
0.13 volts caused an average 5J per cent increase (nine observations). Reflex muscu- 
lar contractions, whose frequency corresponded to that of the stimulating current. 
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Fig. 6. SniULTANEOus RECORDING of rcspiration (strain gage unit) and blood pressure (Statham 
unit) on geophysical osallograph during stimulation of both medial nerves of a dog. Four volts 
4^rsccond Note initial increase in rate and depth and then a slmring with shift toward inspiratory 
side. Blood pressure (84/66) dropped about 20 mm, initiaJJy, but soon rose to previous level and 
respiratory waves became accentuated. In this animal, respiratory changes lessened in proportion 
to decrease in stimulus intensity. 



recorded with strain gage unit and inkwriter. Upper- increase in 
rate and depth during stimulation of posterior nerve for i minute at 4 volts, 4 per second. Middle: 

voltage is still strong enough to stimulate larger 6bers in the 

nerve, bee figure 8. 
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usually occurred during periods of stimulation at the above intensities. There were 
a number of obser^^ations at intensities less than 0.13 volts, but in none of these was 
there any significant change in respiration. 

The above observations included variations in frequency and duration of indi- 
vidual stimuli. For frequencies ranging from 4 to 100 or aoo’per second, effects on 
respiration were similar. WJien the individual stimuli were of long enough duration 
to stimulate more of the slower conducting fibers (more than one half millisecond), 
effects on respiration were more pronounced than with shorter lasting stimuli. 

It was evident from records of the action potentials of joint ner\^es that large 
fibers were stimulated and were conducting at intensities below those which caused 
changes in respiration. The threshold for the initial deflection in the action poten- 
tial, an example of which is shown in figure 8, was 0.008 to 0.02 volts. Maximum 
height was reached at 0.04 to 0.13 volts. A second, smaller and more slowly con- 



Fig. 8. Action i’Oxeniials of posterior nerve. Upper, ini- 
tial deflection maximal with stimulus of 0.04 volts. Lower, 
second and slower deflection begins at stimulus intensity of 0.06 
volts. Sweep speed slightly faster in upper record. 


ducting deflection appeared at 0.06 to 0.8 volts. Respiratory changes were notice- 
able only with stimulating voltages greater than those necessary to produce a maxi- 
mum deflection of the faster conducting fibers. 

Comparable electrical stimulation of the central ends of the cut saphenous, tibial 
and sciatic nerves yielded similar changes in respiration, but of greater magnitude, and 
in spite of deep anesthesia the animals frequently w'hined during the period of stimula- 
tion. 

DISCUSSION 

The respiratory changes in cats during passive flexion are quite small and can 
hardly be distinguished from spontaneous variations in animals at rest. Likewise, 
electrical stimulation of articular nerv'^es was effective only at high intensities. These 
results indicate that under the conditions of experimentation, joint reflexes do not 
play a significant role in the regulation of respiration. 

The respiratory changes hi dogs ivere greater tlian those in cats, but still small 
and extremely variable in comparison with the consistent rise in ventilation which 
results from a small increase in alveolar CO2 or during mild exercise. Comroe and 
Schmidt (5) reported an increase in respiratory minute volume in dogs during passive 
flexion and indicated that this change was almost entirely the result of an increase in 
rate. Their statement regarding these results is, however, somewhat ambiguous: 
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“Increase in respiratory minute volume was seen at least once in each experiment 
during passive movements of the legs; the increase varied from 22 to 1 25 per cent and 
averaged 52 per cent.’^ This seems to mean that at times during each experiment 
no change or a decrease occurred. It is therefore difi&cult to compare their results 
with those of the present study, except in the following manner. In their e.xperi- 
ments, no transmission of movement to the trunk occurred, whereas in tire present 
study such transmission was usually allowed. It lias been shown how this may afitect 
respiration (fig. 5C). Nevertheless, the increase in rate of respiration which they 
reported was much greater than that obtained in this study. This indicates that 
some fundamental difference in method exists. A lead is offered by the fact that 
animals which were cannulated for spirometer recording were more responsive to 
passive flexion than animals whose respiration was recorded by other means. The 
fact that movements of the cannula or rubbing of cut skin edges frequently stim- 
ulated respiration indicates that any transmission of movement to the neck during 
flexion might similarly stimulate respiration. In Harrison’s (4) and Comroe and 
Schmidt’s experiments, such transmission did not occur, but other conditions were 
present which could have resulted in painful stimuli during flexion. The hind limbs 
of the animals had been amputated at the thighs and the femurs so clamped that 
transmission of movement to the trunk could not take place. There were, however, 
cut skin edges, cut muscles and connective tissue and these may well have been moved 
during fle.xion. Figure 5G illustrates the respiratory response to massage of cut 
muscles and skin in an amputated stump. Furthermore, painful stimuli may cause 
reflex muscular activity and tlius an increase in metabolic activity. It cannot be 
emphasized too strongly tliat, so long as any ner\m supply to the part distal to the 
amputation is left, neither the factor of pain nor reflex muscular activity can be 
ruled out. 

There is no doubt, however, tliat definite respiratory responses to passive flexion 
do occur in the absence of trauma. Yet there is no evidence which indicates that 
joint reflexes produce these changes, because: Stimuli other tlian passive flexion, in 
particular those stimuli which were secondarily induced by tlie flexion, were effective 
respiratory stimulants. Similar changes occurred m dogs whose knee joints had been 
partially dener\mted. Electric stimulation of joint nerves yielded respiratory re- 
sponses only at high intensities, while no changes occurred at voltages which were 
still effective for the myelinated fibers of a diameter range which includes propriocep- 
tive fibers. The responses which do occur with electric stimulation seem best ex- 
plained as a pain h3q)erpnea. The drop in blood pressure which occurs initially in 
painful stimuli (fig. 6) may well be partially responsible for a reflex h3rperpnea. 
Figure 3 of Comroe and Schmidt’s paper shows such an initial drop. Jaroschj^ (15) 
recorded respiration and blood pressure during faradic and mechanical stimulation 
of the capsule of the knee joint of the rabbit. There resulted a decrease in depth of 
respiration, followed by an increase and a slowing of rate. Blood pressure dropped 
initially and then rose. Finally, one must take into account spontaneous alterations 
in respiration which might make induced changes seem larger than they actually are. 
One can only conclude from these results that respiration tends to change in response 
to any stimulus to which the animal is subjected. Since it has been shown (i, ii) 
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that in cats and dogs, absence of afferent impulses does not interfere with the regula- 
tion of respiration during muscular activity, and in view of the present results, it is 
concluded that under the conditions of anesthesia commonly used, joint reflexes (or 
limb reflexes) do not play a significant role in respiratory regulation. 

Barbiturate anesthesia so depresses the central nervous system, including the 
respiratory centers, that in deep anesthesia reflex mechanisms may be greatly sup- 
pressed. The effect on the spinal cord may resemble a cord transection. Therefore 
in order to settle the problem of the role of limb reflexes, conscious human subjects 
should be used. Even so, it may be difficult to interpret the results of experiments 
on such subjects. Passive movements, for example, produce relatively slight changes 
and there is no guarantee that psychic influences or reflex increase in muscle tone are 
ever eliminated. Experiments in which the effects of exercise plus ischemia are 
studied are probably not valid since this type of e.xperiment is usually painful. Even 
if the subject learns to suppress the pain, it is doubtful that reflex effects can be 
eliminated. The factor of ischemic pain must be considered in e.xplaining the results 
of Asmpssen, Christensen and Nielsen (6) who found that when the circulation of 
exercising limbs was occluded, the O 2 consumption dropped, but the ventilation re- 
mained approximately the same. These same workers concluded that reflexes 
originating in the moving limbs were responsible for maintaining ventilation. They 
expected that the nerv'c impulses would reach the respiratory centers by ascending 
in the dorsal funiculi of the spinal cord. However, one of their subjects who suffered 
from tabes dorsalis, during voluntary and electrically induced work, had respiratory 
changes similar to those of normal subjects. Because of this they concluded that 
some other pathway must be present in the spinal cord by whicli impulses could reach 
the brain stem. Their assumption appeared to be that the characteristic lesion of 
tabes is destruction of tlie dorsal funiculi. Actually, the inflammatory and destruc- 
tive processes of tabes dorsalis involve dorsal root ganglia and dorsal root fibers, and 
proprioceptive fibers are destroyed early in the course of the disease. Degeneration 
of dorsal funiculi occurs because central processes of dorsal root ganglion cells form 
a large portion of the funiculi. Other proprioceptive pathways, such as spino- 
cerebellar, do not function since impulses do not reach them, yet they show no de- 
generation since synaptic junctions are interposed which prevent degeneration from 
ascending. In tabes dorsalis, therefore, all afferent pathways are eventually affected, 
and proprioceptive pathways most severely. On this account, it is extremely diffi- 
cult to see what the other pathways might be which Asmussen, Christensen and 
Nielsen postulated. The fact that in their tabetic subject respirator}^ adjustment to 
exercise was essentially normal indicates how doubtful it is that limb reflexes are 
important in the regulation of respiration. It also indicates the value of correctly 
interpreted clinical material in investigating this field of respiratory physiolog}^ 

There is as yet no convincing evidence which should cause us to discard the 
concepts of Haldane and his collaborators regarding the regulation of respiration 
according to metabolic needs. It would be very difficult to correlate limb reflexes 
with the actual events in exercise, particularly when pulmonary ventilation increases 
with increasing work, even though the rate of movement remains the same. The 
effect of limb reflexes would have to be an extremely powerful one to explain the 



June igjS 


JOINT REFLEXES AND RESPIRATION 


579 


fact that in a man who runs loo yards, tlie great ventilation and metabolic exchange 
which are necessary occur quite effectively afterwards in the absence of limb move- 
ments. Tins would indeed be a potent reflex, and yet one easily suppressed since 
little or no breathing takes place during the sprint. 

SUMMARY 

Passive flexion of tlie hind limbs of cats and dogs is accompanied by variable 
changes in rate and deptli of respiration. These changes do not appear to result from 
the stimulation of receptors in the knee joint because: Other types of stimuli, in- 
cluding those secondarily induced by the flexion, such as movements of the trunk, 
were as effective in stimulating respiration. Similar changes occurred in dogs whose 
knee joints had been partialty denervated. Electric stimulation of nerves to the 
knee joint was effective only at intensities great enough to activate slower conducting 
fibers, resulting in what appeared to be a pain hyperpnea. It is concluded therefore 
that, under the conditions of anesthesia used, joint reflexes do not play a significant 
role in the production of respiratory changes during passive flexion. It is also con- 
cluded tlrat tliere is no satisfactory evidence which indicates that limb reflexes are 
important in the regulation of respiration during exercise in man. 

Wc wish to e.vprcss our apjjrcciation to Drs. John Green and Norman Jarvik for their help and 
criticism during the course of the cxj)eriments, and wc thank the following students for their aid in 
conducting the experiments; Bernard AgranofT, Nicholas Bash, Abraham Elson and James Morrish 
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EFFECT OF ACID-BASE CHANGES ON EXPERIMENTAL 
CONA^ULSTVE SEIZURES^-^ 


CHARLES D. HENDLEY, HORACE W. DA\nENPORT and JAMES E. P. TOMAN 
From the Department of Physiology, University of Utah School of Medicine 

SALT LAKE CITY, UTAH 

P ROCEDURES which change the acid-base balance of the body are employed 
in the diagnosis and therapj'’ of convulsive disorders. As examples the 
hyperventilation test used in the diagnosis of petit mal (1-5), and the use of 
fasting (6-9) and particularly the ketogenic diet (10-14) in the control of seizures 
ma)'^ be cited. Experimental procedures used in the study of the physiology and 
pharmacology of seizures frequently produce incidental modifications of the acid- 
base balance. In a man3’’-sided study of seizures in progress in this laboratory it 
became important to know to what extent these acid-base changes might affect the 
results obtained. 


JIETIIODS 

Rats of the Sprague-Dawley strain were used. Convulsions were produced by a 
60-cycle alternating current apparatus with current output independent of the ex- 
ternal resistance. Spiegel corneal electrodes (15) were emploj'ed. The stimulus 
duration was 0.2 second. A slight clonic seizure, lasting 10 seconds or more, was 
chosen as the end-point in threshold determinations, and the current necessary to 
produce such a response was used as the measure of minimal electroshock seizure 
threshold. For observation of changes in seizure pattern, maximal seizures were 
produced bj'^ a current of 150 mA., 0.2 second duration, or about 7 times threshold 
for minimal seizures. 

In order to determine the effect of modifications of the acid-base balance upon 
the threshold for seizures produced by convulsant drugs, a group of 30 rats weighing 
between 250 and 360 grams was given graded doses of Metrazol by subcutaneous 
injection. The number of animals convulsing was recorded. The threshold con- 
vulsive dose (EDbo) was calculated bj’’ probit analysis (16). The observations on 
Metrazol were repeated with another group of 20 rats weighing between 140 and 
210 grams and having a higher threshold. The EDbo for picro toxin was similarly 
established. 

Metabolic acidosis was produced by ammonium chloride given by stomach tube 
in I M or 0.3 M solution. Metabolic alkalosis was produced by sodium bicarbonate 

Received for publication June 7, 1948. 
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or sodium acetate in similar concentrations. Control animals were given comparable 
volumes and concentrations of sodium chloride solution. Respiratory acidosis was 
produced by placing the rats in a glass jar through which flowed a gas mixture con- 
taining 89 per cent O2 and ii per cent CO2. Control rats were allowed to breathe 
89 per cent O2 and ii per cent N2. The rats were shocked within 20 seconds after 
removal from the jar. 

Blood samples were not taken from rats whose convulsive behavior was shortly to 
be measured, because the loss of blood might affect threshold or seizure pattern. 
Other rats concurrently subjected to the same disturbances of acid-base balance were 
therefore used. The blood was removed by heart puncture and handled anaero- 
bically (17). The plasma pn was measured at room temperature by means of a 
standardized glass electrode. A correction of —0.014 pH units per degree was ap- 
plied to correct the pH to 38° C . The total carbon dioxide concentration of the plasma 
was measured by the method of Van Slyke and Neill (18). Plasma bicarbonate 
concentration and PCO2 were calculated using a pn of 6.10 and a carbon dioxide 
solubility coefficient of 0.0301. The results were plotted on a pH-bicarbonate dia- 
gram on which pn values were abscissae and plasma bicarbonate concentrations in 
rmr/l were ordinates. 

Previous work in this laboratory (19) has shown that normal rat blood taken by 
heart puncture has a pn of 7.41 and bicarbonate concentration of 24.3 mn/l, and 
tliat the normal buffer value of rat blood as determined by its carbon dioxide absorp- 
tion curve is —24.7 ntNi per liter of plasma per pn unit. A straight line having 
this slope was drawn through the normal point on tlie pn-bicarbonate diagram. The 
vertical distance expressed in miu plasma bicarbonate between any observed point 
and the normal buffer line is a measure of the extra fixed acid or fixed base in the 
blood (20). 

In e.xperhnents on rabbits cortical potentials in the restrained unanesthetized 
animals were led from epidural electrodes permanently implanted in the skull, and 
they were recorded with a Rahm electroencephalograph. Metabolic acidosis or 
alkalosis was produced by intravenous or intraperitoneal injections of ammonium 
chloride or sodium bicarbonate solutions. In some experiments single condenser 
shocks were given to one hemisphere, and the threshold for evoked transcortical 
potentials was measured (21, 22). In other e.xperiments subcutaneous doses of 
Metrazol were given to produce subconvulsive slow-wave discharges (21). 

RESULTS 

The acid-base changes produced are shown on the pn-bicarbonate diagram in 
figure I. N represents the normal point, and the straight line is the normal buffer 
curve of rat blood. Doses of ammonium chloride between 10 and 20 mM/kgm. 
added an average of 24 ± 3 nm/l extra fixed acid, and doses of 4.5 mM/kgm. added 
6 ± 1 nm/l extra fixed acid. Sodium acetate in doses of 10 nm/kgm. added 7 ± 2 
nm/l extra fixed base, and sodium bicarbonate in doses of 30 to 40 roM/kgm. added 
hS ± I mir/l extra fixed base. Breathing ii per cent CO2 raised the pC02 to an 
average of 88 rh 4 mm. Hg. Control rats given doses of sodium chloride comparable 
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to those of the other salts had a slight metabolic acidosis of about 3 mM/1 extra fixed 
acid. 

The effects of acid-base changes upon the electroshock seizure threshold of rats 
are shown in table i. Untreated control rats showed a small rise in threshold when 
tested first in the morning and again in the afternoon. Rats given sodium chloride 
and having a slight metabolic acidosis had a greater rise in threshold. This rise can 
not be attributed to the metabolic acidosis, for rats having more extra fixed acid in 
the blood as the result of ammonium chloride administration had no increase in 
threshold. It has been shown in this laboratory (23) that an increase in extracel- 


Fig. I. A PU-BICARBONATE DIA- 
GRAM of rat plasma. The straight 
line is the normal buffer curve of 
rat blood, and N is the normal 
point. Measurements on individ- 
ual rats are represented. The ex- 
perimental procedures to which the 
different groups were subjected are 
indicated on the figure. 
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lular sodium concentration in itself raises the threshold of rats. Consequently, the 
rats receiving sodium chloride, rather than those receiving no salt, are the appropriate 
control animals for those receiving alkalinizing salts containing sodium. The con- 
trol groups with which the e.xperimental groups are compared are designated by the 
Roman numerals in column five of table i. 

The results show that a moderate metabolic alkalosis significant!}’' decreases 
seizure threshold, but this decrease is small. The same is true of severe metabolic 
alkalosis. Only the most severe degree of metabolic acidosis produces a change in 
seizure threshold. The increase (14%) is not so great as that which can be achieved 
by means of anticonvulsant drugs (22). Severe respiratory acidosis is without 
effect on seizure threshold. 

The results of the observations of the effect of respiratory acidosis upon the EDgo 
of Metrazol and picro toxin are given in table 2. They demonstrate that severe 
respiratory acidosis does not change the threshold convulsive dose of the drugs 
employed. 

Normal rats given supramaximal shocks exhibit a seizure whose pattern and 
duration are relatively constant; the seizure is profoundly modified by anticonvulsant 
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Table i. Eefects or acid-base changes upon electroshock threshold in rats 





CHANCE IN 

CHANGE CORRECTED FOR 


TREATUX-VT 

N 1 

ACin-BASE BALiVNCn 

TURESnOLD OVER 



i 

1 

I*R10R CONTROL 

APPROPRIATE CONTROL 



' j 


% 

% 


None (I) 

II 

Normal 

Slight 

+ 2 zt 1.8 



NaCl ( 11 ) 

24 

Metabolic 1 

Acidosis 

Mild 

+7 ± 1.3 



NH^Cl 

12 

Metabolic 

.•\cidosis 

Extreme 

-p2 ± 0.6 

0 it: 1.9 (I)’ 

0.9 

NH,C 1 

18 

Metabolic 

Acidosis 

Mild 

+16 ±1.1 

j 

-hi4 it: 2.1 (I) 

O.OI 

CHjCOONa 

11 

Metabolic 

Alkalosis 

Sc%’cre 

1 -ho ± I.S 

i 

1 

-7 ifc 2.2 (II) 

O.OI 

NaHCOj 

30 

Metabolic 

Alkalosis 

+2 ± 0.9 

-5 ± 1.6 (II) 

i O.OI 

89% 0 : (HI) 

t 4 

Normal 

+3 ± 2-9 



11% N, 


Severe 



1 

89% 0: 

14 

Respiratory 

+ 2 rh 1.2 

-I ±3.1 (III) 

0.6 

11% COj 


Acidosis 





‘ The Roman numerals in this column refer to the control groups in column i with which the 
experimental groups arc compared. 


Table 2. Effect of respiratorv acidosis on threshold convulsive dose of metrazol 

AND PICROTOXIN 


ORCG 

S9% Oi PLUS 

NO. OP : 

INJECTIONS 

K.X).(o 


% 


mgm/kgm. 

hletrazol 

II Ni 

S 3 

30 ± I 

(large rats) 

II C 0 » 

57 

30 ± 1 

Metrazol 

II Ns 

20 

45 ± I 

(small rats) 

II CO2 

20 

45 ± I 

Picrotoxin 

1 II N2 

44 

1.4 ± o.i 


11 CO2 

33 

1.3 it: 0.1 


drugs (24). In the present study severe metabolic acidosis or alkalosis failed to 
produce significant changes in the seizure pattern or in the duration of its components. 
The resting electroencephalogram of rabbits was not affected by severe meta- 
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bolic acidosis or alkalosis. Subconvulsive doses of Metrazol produced typical 
episodes of high-amplitude slow-wave activity, but these were not affected by acid- 
base changes. The amount of Metrazol required to produce them was not altered. 
When condenser shocks were applied to one hemisphere and the response recorded 
from the otlier, no change in the tlireshold or pattern of cortical response was caused 
by acidosis or alkalosis. 


DISCUSSION 

The conception that alkalinity increases and acidity reduces excitabiUty of 
neurones is not universally supported by obser\'ations at various levels of integra- 
tion in the nervous system. Changes in pit brought about by variations in CO2 
tension may alter the excitability of peripheral nerve (25), but the effects are ap- 
parently minimal if CO2 tension is held constant while pii is varied by other means 
(26). Increased CO2 tension in the absence of pii changes in general tends to raise 
threshold and to prevent spontaneous firing in nerve, but it also increases the ampli- 
tude of after potentials and associated changes in e.vcitability (26), an action which 
might conceivably promote the development of the multiple rapid discharges which 
are a characteristic feature of convulsive activity in the brain (27). As an illustra- 
tion of the differences in responsiveness of central neurones, CO2 can be shown to 
have a purely depressant action on spinal motoneurones (28), but it increases the 
discharges from tlie isolated inspiratory center of the medulla (29). In general, the 
sensitivity of various central neurones to depression by metabolic acidosis differs 
widely (30). It has been reported that metabolic or respiratory alkalosis increases 
spontaneous cortical electrical activity and decreases electrical threshold for cortical 
afterdischarge, while acidosis has tlie opposite effects (31). On the other hand, it 
has been emphasized that nearly fatal acid-base clianges are required to produce 
EEG abnormalities (32). Some investigators have reported a protective effect of 
CO2 inhalation against Metrazol (33) and strychnine (34) seizures. However, 
others have found that convulsive Metrazol discharges are singularly unresponsive 
to hyperventilation, CO2 inhalation and intravenous injection of acid or alkaline 
solutions (35). 

Among the convulsive disorders, it is those of the petit mal triad which tend to 
respond specifically to changes in acid-base balance, particularly to small changes in 
CO2 tension (2, 36, 37, 38), although other seizure tjqies or EEG abnormalities may 
be occasionally induced by prolonged hj'perv’^entilation (3, 5). Even among patients 
who might be clinically classified in the petit mal group, it is not always possible to 
precipitate seizures or EEG spike and wave formations by hjqierventilation, nor to 
prevent them by CO2 inhalation (39). Thus sensitivity to changes in acid-base 
balance is by no means of universal occurrence in convulsive disorders. 

The present experiments indicate that seizures produced by electrical stimula- 
tion or by Metrazol or picrotoxin are similarly resistant to acid-base changes, and 
therefore suggest that modification of acid-base balance may be a relatively unim- 
portant factor in the mechanism of action by which anticonvulsant drugs and other 
agents modify the properties of. experimental convulsions. 
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SUMMARY 

Mild metabolic acidosis and severe respiratory acidosis have no effect upon the 
electroshock seizure threshold of rats. Severe metabolic acidosis raises the threshold 
about 14 per cent, and mild and severe metabolic alkalosis lower the threshold about 
7 per cent. Severe respirator}'- acidosis has no effect upon the threshold convulsive 
close of Metrazol or picro toxin. 

Severe metabolic acidosis or alkalosis has no effect upon the maximal seizure 
pattern of rats, or upon the resting electroencephalogram, the subconvulsive Metrazol 
EEG discharge and the threshold for evoked cortical potentials in rabbits. 
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/A STUDY OF THE ADRENOTROPIC RECEPTORS 

RAYMOND P. AHLQUIST 

From the Department of Pharmacology, University of Georgia School ofMedicine 

AUGUSTA, GEORGIA 

T he adrenotropic receptors are those hypothetical structures or systems 
located in, on or near the muscle or gland cells affected by epinephrine. 
The concept of a receptive mechanism was introduced by Langley (i, 2) to 
explain the action of curare on skeletal muscle. Dale was probably the first to make 
significant use of the receptor concept in connection with the sympathetic nen^ous 
system. In his classical paper (3) on the sympatholytic action of the ergot alkaloids, 
he recognized tliat what he called the sympathetic myoneural junction could also be 
called 'the receptive mechanism for adrenaline'; and he used this mechanism to ex- 
plain the fact tliat the ergot alkaloids prevented only the motor (excitatory) actions 
of epinephrine and had no effect on the inhibitor}^ actions of epinephrine or on the 
excitatory actions of barium or pituitrin. 

The adrenotropic receptors have been considered to be of two classes, those 
whose action results in excitation and those whose action results in inhibition of the 
effector cells. Experiments described in this paper indicate that although there are 
two kinds of adrenotropic receptors they cannot be classified simply as excitatorj’^ or 
inliibitory since each kind of receptor may have either action depending upon where 
it is found. The evidence for these conclusions is, in brief, that a series of sLx sympa- 
thomimetic amines has one order of potency — i, 2, 3, 4, 5, 6 — on the following 
functions: vasoconstriction, excitation of the uterus and ureters, contraction of the 
nictitating membrane, dilation of the pupil and inhibition of the gut. In contrast, 
this same series of amines has an entirely different order of potency — 2, 4, 6, 5, 3, i-^ 
on the following functions: vasodilation, inhibition of the uterus and myocardial 
stimulation. 

The variations in activity could be due to any or all of three factors: a) quantita- 
tive differences in potency, b) qualitatively different effects or c) differences due 
entirely to the experimental methods used. If the last two factors are controlled 
as much as possible by the selection of the amines and by using suitable experimental 
techniques, then the variations in activity are presumably due to actual differences 
in the receptors involved. Tentatively the first kind of receptor has been called the 
alpha adrenotropic receptor and the second kind the beta receptor. This concept of 
two fundamental types of receptors is directly opposed to the concept of two mediator 
substances (sympathin E and sympathin I) as propounded by Cannon and Rosen- 
blueth (4) and now widely quoted as a ‘law’ of physiology. Results reported in this 
paper indicate that conclusions drawn by Cannon and Rosenblueth are open to 
controversy and that there is no known amine which fulfills the requirements for 
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either sympathin E or I. The evidence presented strongly supports the concept that 
epinephrine is the only sjnnpathetic adrenergic mediator. 

The amines used were restricted to those which produced responses in the same 
dosage range as epinephrine, for which equivalent doses had similar durations of 
action, and which had qualitatively identical actions on the myocardium. None 
of thent produced tachyphylaxis. The following amines were studied (abbreviations 
given in italics will be used throughout the remainder of this paper) : 

I. <i'/-(3,4-dihydroxyphenjd) ethanolamine. Arterenol, or/. 

n. (//-(3,4-dihydroxyphenyl) isopropanolamine. Cobefrine, melJiyl-art. 

III. and Rh dl, and /-(3,4-dih5’-droxyphenyl) methyl ethanolamine. Racemic 
and levo epinephrine, dl-cpi. and l-epi. 

V. d/-(3,4-dili5'-drox\q)henyl) methyl isopropanolamine. Melhyl-cpi. 

VI. (/Z-(3,4-dih3'drox}q)henyl) isopropyl ethanolamine. N-isopropyl artere- 
nol, N-iso-arl. 

All of these amines have been studied extensively in the past (5-20) and hence 
there is a voluminous literature concerning them. No previous studies, however, 
have included all of them together in a quantitative comparison. 


PROCEDtIRE 

Dogs, cats, rats and rabbits were used in this study. The amines, in the form 
of their hydrochlorides, were made up in M/ 1000 stock solutions using isotonic saline 
containing o.i per cent sodium bisulfite and o.i per cent chlorobutanol as the solvent. 
Higher dilutions were made at the time of use with isotonic saline. The use of other 
drugs was kept to a minimum. Sodium pentobarbital, 20 to 30 mgm. per kgm., or 
urethane, i gram per kgm., was used as the anesthetic. The dogs and rabbits were 
usually pretreated wdth morphine sulfate, 10 mgm. per kgm. Atropine, 0.5 mgm. per 
kgm., was used as the anticholinergic agent. Three sympatholytic agents were 
used; ergotoxine, 2 mgm. per kgm., dibenamine (21), 25 mgm. per kgm. and Priscol 
(22). 

Two types of dosage were employed with the amines: equimolar and equivalent. 
Truly equivalent doses in intact animals were many times unobtainable. For exam- 
ple, in attempting to determine the equivalent dosages necessary to inhibit the intact 
intestine it was found that the marked cardiovascular effects (some pressor and others 
depressor) interfered iidth or in themselves produced changes in the intestinal activity. 
For this reason equivalent doses were determined chiefly on isolated structures and 
equimolar doses compared in intact animals. In determining the relative activity 
of equimolar doses, both the degree and the duration of the response were considered. 
The amines were administered intravenously unless otherwise stated. 

Cardiovascular. There are at least three functions served by adrenotropic 
receptors in the cardiovascular system: vasoconstriction, vasodilation and myocardial 
stimulation. Arterial pressure changes in themselves are not suitable for comparing 
the activity of these amines on these receptors because the arterial pressure repre- 
sents the resultant of a number of factors such as the cardiac output and venous re- 
turn, the balance between constriction, dilation and blood viscosity, and the me- 
chanical effects produced by the muscular contractions such as occur in the heart, 
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intestine or uterus. Therefore in order to study each type of receptor it was necessary 
to work with more or less isolated parts of the cardiovascular system and then to 
correlate these results with those obtained from arterial pressure studies. 

The arterial pressure was recorded by means of either a mercury manometer or 
a Hamilton manometer (25) from the carotid or femoral arter>^ In many of the dogs 
the aortic pressure pulse was recorded by means of a high frequency Hamilton ma- 
nometer using a metal sound passed through the left common carotid into the aortic 
arch. In these latter experiments two recording cameras were used, one running 
continuous!)’- at low speed for a complete record of the amine response, and the other 
at high speed for pulse contours at appropriate times during the amine response. 

The blood flow was measured in the important vascular beds by means of flow- 
meters introduced into either the venous outflow or the arterial supply. A Shipley 
optically recording rotameter (24, 25) or a modified Soskin t)q)e (26) ‘bubble’ flow- 
meter was used. The ‘bubble’ flowmeter was equipped with a reversing system so 
that only a single air bubble was needed for any one experiment. Heparin, ro mgm. 
per kgm. every t-wo hours, was used as the anticlotting agent. 

The effects of the amines on the vascular receptors were compared by deter- 
mining their actions on the vasomotor resistance O^R). The VR represents the 


pressure-flow relationship calculated by the formula (27), VR 



in which P 


is the arterial pressure in mm. Hg and F is the volume flow in cc. per minute. P 
— 20 was used since the P/F ratio changes abruptly at a pressure of about 20 mm. 
Hg (28), a phenomenon due in part to tlie presence of the cellular elements in the 
blood. 


The results on the VR of the renal, mesenteric and femoral beds are shown in 
figure I and tabulated in table i . It will be seen that the increase in VR produced by 
epi. in these vascular beds bears an inverse relationship to the decrease in VR pro- 
duced by N-iso-art. In the bed (renal) which shows the least dilation with N-iso-art., 
dl~cpi. is the most active among the racemic amines in producing constriction. In 
the femoral bed, in which N -iso-art. produces the greatest dilation, the net constrictor 
effect of dl-cpi. is diminished by its own dilator action. These results are interpreted 
as showing i) tliat the ratio of constrictor to dilator receptors varies in the different 
vascular beds and 2) that dl-cpi. is the most active of the racemic amines on the 
constrictor receptor. Art. on the other hand, produces the greatest constriction in 
tliose beds which have the most dilator receptors, since this amine has very little 
action on the dilators (see below). The remaining two racemic amines show vari- 
able amounts of constrictor as against dilator activity. 

This same relationship was shown in the arterial pressure responses to tliese 
amines as shown in figure 2. In the cat, which appears to have many dilator recep- 
tors, art. is the most active pressor agent among the racemic amines, with dl-cpi. being 
third. In the rabbit, which appears to have few dilator receptors, dl-cpi. is more 
active than art. Even N-iso-art., which is a depressor in cats and dogs, produces a 
slight pressor response in rabbits. Blood flow studies showed tliat this pressor ac- 
tion of N-iso-art. in rabbits was due in part to vasoconstriction. 

The comparative effects of these amines on the vasodilator receptors were deter- 
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mined by measurements of tlie coronary flow in perfused hearts (see below) and by 
their depressor effects in intact animals after the administration of the sympatholytic 
agent Dibenamine. In cats treated with the sympatholytic agent, l-epi. and dUpi. 



FEMORAL 



Fig. I. Comparative action op amines on vasomotor resistance in the renal, mesenteric and 
femoral vascular beds of dogs. Ordinates: VR plotted logaritliraically for convenience only; abscis- 
time marks at 10 sec. intervals. The amines were injected intra-arterially as 0.1 cc. of the 
eofleentration shown. In the case of the renal and mesenteric curves, lower concentrations of 
rielhyl-epi. and N-iso-arl. had no appreciable effect on the VR. 

^ere both very active depressors. On the other hand, art. and mathyUarl. were both 
poor depressors, with the former being the less active in this respect. The usual 
depressor effects of Meihyl-epi. and N -iso-art. were slightly augmented. In dogs the 
results were essentially the same, with the exception that art. did not lower the pres- 
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sure in any animal tested. In rabbits none of these amines produced depressor 
responses after Dibenamine, with the occasional exception of N-iso-arl. 

The relative order of activity of these amines on the vascular receptors can now 
be summarized as follows (see table i). On the dilator receptors N-iso-arl. is the 

Table i. Experimental results, the most active amine on each receptor is numbered i, 

THE NEXT MOST ACTIVE 2, ETC. 


ORDER or JiELATIVE ACTIVITV 


ADUENOIROPIC RECEPIOR AND MT-TBOD OF EVALDATION 

l-epi. 

dl-epi. 

art. 

methyl- \ 
art, ' 

methyl- 

epi. 

N-iso- 

art. 

Cardiovascular 




1 



Vasoconstrictor 







Renal vasomotor resistance 

I 

2 

3 

4 

5 


Mesenteric “ “ 

T 

2 


4 

S 


Femoral “ “ ' 

I 

3 

2 ' 

4 

5 


Pressor action in cats 

T 

4 


3 

S 


Pressor action in clogs 

I ' 

3 


4 

S 


Pressor action in rabbits 

1 

1 

2 

3 

4 

s 

b 

Vasodilator 







Renal vasomotor resistance 





2 

I 

Mesenteric “ “ 





2 

I 

Femoral “ “ 

3 

4 



2 

I 

Coronary dilation 

2 

4 

f) 

5 

3 

I 

Do.prr>s^nr nftor Dihonfimint* . 


4 

f) 


3 

I 

Myocardial 

i 

t 




Perfused rabbit and cat 

2 i 

4 

b 

5 

3 

I 

Intact dog 

ey 

4 

b 

5 

5 

I 

Intestinal (inhibitory) 





i 


Isolated rabbit, rat etc 

1 

*> 

3 

4 

s 

6 

Intact dog, cat and rabbit 

1 


3 

4 

s 

6 

Uterine 







Excitatory 







Isolated rabbit 

I 


3 

4 

5 

6 

Intact dog and rabbit ' 

I 

2 

3 

4 ■ 

5 

6 

Inhibitory i 







Isolated rat, cat, rabliit 

2 

4 

6 

5 

3 

I 

Intact dog, cat, rabbit 

»> 

4 

6 

5 

3 

I 

Ureteral (e.xcitatory) 







Intact rabbit 

I 

O 

1 

3 

4 

S 

6? 

Dilator pupillae (excitatory) 








I 


3 

4 

s 

i ^ 

Nictitating membrane (excitatory) 



1 ^ 


Intact cat 

I 

O 

3 

4 

s 

6? 


most active followed in order by l-cpi., vtelhyl-epi., dl-cpi., methyl-art. and art. The 
relative activity on the constrictor receptors must be interpreted by correlating thei'* 
actions on both the dilator and constrictor receptors with the relative ‘nurebcx' of 
each of these receptors in the vascular bed or species studies. The dilatc/r activity 
of l-epi. and dl-epi. is so great that this effect diminishes the net constrictor or pressor 
effect in those vascular beds or species having many dilator receptors. Therefore 
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}.epi. is considered to be tlie most active amine on the constrictor receptors followed 
in order by dl~epi., ari., methyl-art., melhyl-epi. and N-iso-art. 



I Fig. 2. Comparative action of amines on mean arterial pressure of cats, dogs and rabbits. 
Ordinates: pressure in mm. Hg; abscissae: time marks af lo sec. intervals. The amines were in- 
jected intravenously. 

t..- Cats: average results from 12 determinations in 6 cats. Dosage, o.i cc. M/iooo solution per 
kgm. Cals after dibenamine — average results from 3 determinations in 3 cats. Dosage, o.i cc. per 
kgm. of the concentrations shown. Lower concentrations of art. did not produce any depressor 
responses. Dogs: average results from 12 determinations in 8 dogs. Dosage, 0.05 cc. M/iooo 
solution per kgm. Rabbits: average results from 10 determinations in 6 rabbits. Dosage, 0.1 cc. 
M/iooo per kgm. Larger doses of N-iso-art. produced depressor responses. 

The relative activity of these amines was determined on both the perfused and 
intact heart. The isolated heart of the rabbit or cat was perfused with Ringer- 
Locke solution by the method of Lagendorff. Oxygen containing 5 per cent carbon 
dioxide was used to aerate the solution and to maintain the perfusion pressure 
(usually about 100 mm. Hg). Coronary inflow was measured by the rotameter and 
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the cardiac contractions were recorded with an optical lever system. This method 
allowed an absolutely simultaneous* record of coronary inflow and myocardial ac- 
tivity to be obtained. Figure 3 illustrates the type of record obtained, while table 
2 gives the results obtained on 20 rabbit hearts. 


MYOCARD. 


R&A-I R-2 I 

Uiiiiiiiui UMW 


C0R« 


MHf 


D.E 

Jk L. 


lE 

a L 


Fig. 3. Example of Tim action of the amines on Uic perfused rabbit heart. Cardiac contrac- 
tions (myocard.) recorded with an optical lever. Coronary' inflow (cor.) recorded with a rotameter. 
Time marks at 30 sec. inter\>als. The measurements listed in table 2 were made at the indicated 
points: R & A-i, the increased rate and amplitude at the point of maximal effect; R-2, the increased 
rate at a point about 2 min. after the amine administration (a measure of tlie duration of action); 
D.F., the decreased coronary’ inflow due to the increased myocardial activity; and I.F., the increased 
coronarj’’ flow due to the direct action on the coronarj' vessels. The amines were injected into the 
coronary inflow. 


Table 2 . Comparative effects of the amiots ox the perfused rabbit heart' 


AinKE 

1 increase in rate and amplitude 

1 . _ _ 

1 CORONAKV PLOW 

1 


mmm 

[ R - 2 >' 

D-F.' 

i.r.** 


1 c. 




i ^ 


.0 i 

VO 


/O 

VO 

N-iso-arl 

lOI 

90 

49 


iS 

l-ep: 

75 

70 

26 


15 

mctlivl-epi 

62 1 

67 

17 


10 

dl-cpi 

1 

1 

45 

II 


4 

mclli\’l-art 

40 

43 

10 


4 

arl 

3 S 

35 1 

0 1 

20 j 

3 


'.Averages obtained from 20 hearts in which each amine was tested in each heart in a dosage 
of o.i cc. M/10,000 solution injected into the coronar>’ inflow. See figure 3. 

“ Increase in rate and amplitude at the time of maximum effect. 

Increase in rate about 2 min. after injection. 

' Decreased coronar)' inflow measured at point of maximum decrease. 

^ Increased coronary inflow measured at point of maximum increase. 

Each of the amines increased the rate and amplitude of the cardiac contractions, 
the relative order of activity being given in tables i and 2. Simultaneous with the 
myocardial stimulation there was a decrease in the coronary inflow w^hich was prob- 
ably mechanical in origin (29). The flow then returned to or above the control value. 
Since the coronary flow in the perfused heart is determined by the balance between 
the myocardial stimulation and the vasodilation, those amines with the least dilator 
activity would allow the greatest mechanical decrease in flow. In contrast, those 
amines with the greatest dilator action would allow the least mechanical effect. The 
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relative order of coronary dilator activity in the perfused heart will then be seen to 
be the same as described above for the other dilator receptors. 

The relative order of activity of these amines on the intact myocardium was 
determined by two methods. Wiggers (30), Krop (31) and Remington and Hamilton 
(32) have shown that epinephrine shortens the time of systole (Ts) even though the 
heart rate may be unchairged. This shortening of Ts which probably results from 
the myocardial stimulation was also produced by the other amines studied. The 
Tj was measured on aortic pressure pulse contours of dogs from the beginning of 
systolic upstroke to the incisura. The apparent order of activity of these amines to 
shorten the Tg was found to be the same as their relative order on the isolated myo- 
cardium. 

The blood pressure effects of these amines in dogs pretreated with ergoto.vine 
can be used as a measure of their cardiac action since this sympatholytic agent, in 
common with dibenamine and Priscol, does not prevent their myocardial actions. 
Although ergotoxine unmasks the vasodilator effects of the amines it also produces 
enough vasoconstriction in some dogs to diminish the depressor actions of the amines. 
This effect allows the amines to produce an increase in arterial pressure in these ani- 
mals by myocardial stimulation, an effect confirmed by cardiac output measurements 
by the contour method of Hamilton and Remington (33). The comparative activity 
of these amines on the myocardium as tested by this method was found to be the same 
as found on the perfused heart. 

The relative order of activity of these amines as myocardial stimulants will be 
seen (table i) to be the same as that found for their vasodilator actions. This in- 
dicates that the myocardial receptor is related to the vasodilator receptor rather than 
to the vasoconstrictor receptor. 

Iniesiine. The contractions of the isolated ileum of rabbits, cats and rats were 
recorded in the usual manner using a 40 cc. muscle chamber and Ringer-Locke solu- 
tion. Three types of dosage were used: a) equimolar concentrations applied to the 
same segment of the ileum, b) equivalent concentrations to the same segment and 
c) equivalent concentrations to different segments from the same animal (only one 
amine to each segment). The results were the same for each method and for each 
species and are tabulated in table i. 

The contractions of the intact ileum of anesthetized dogs, cats and rabbits were 
recorded with a sensitive Hamilton manometer by means of a small, water-filled bal- 
loon inserted through a stab wound in the intestinal wall. In all of these animals the 
arterial pressure was also recorded and in many of them other records such as mesen- 
teric or femoral blood flow, or activity of the uterus or nictitating membrane were 
also obtained. • Only equimolar doses of the amines were compared since the vascular 
effects of these ammes interfered with their intestinal effects. The order of relative 
activity was found to be the same as that found on the isolated ileum. The most 
active amine was l-epi., followed in order by dl-epi., art., methyl-art., methyl-epi. and 
N-iso-art. This order of activity indicates that the intestinal inhibitory recep- 
tor must be related to the vasoconstrictor receptor rather than to the vasodilator 
receptor. 

Uterus. This organ presents a peculiar problem because of its well-known varia- 
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tions of response to epinephrine. The findings in the literature, and those reported 
herein, indicate that all uteri have two adrenotropic receptors, one excitatory and 
the other inhibitory in function, and that the response to epinephrine is determined by 
which receptor is predominant. The cat uterus, for example, is usually inhibited 
when nonpregnant and excited when pregnant. The isolated rabbit uterus, on the 
other hand, is always excited. The intact uteri of dogs, rabbits and humans (preg- 
nant or nonpregnant) exhibit a diphasic response, excitation followed by inhibition. 

The responses of the isolated nonpregnant rat uterus (inhibitory) and the rabbit 
uterus (excitatory) were recorded as described above for the isolated intestine. The 
comparative effects of the amines on these two species are given in table i. The 
order of inhibitory action is seen to be the same as found on the vasodilator and 
myocardial receptors: N-iso-arl. is the most active, followed in order by I-cpL, 
mclhyUcpi., dl-cpi., melhyl-arl. and arl. The order of e.xcitatory activity is the same 



Fig. 4. Effect of intra-arteiuallv injected epinephrine on the uterine activity and blood 
flow. Calibrations: arterial pressure (.4.P.) and intra-uterine pressure (U.P.) in units of 50 mm. 
Hg; uterine blood flow (F.) in units of 10 cc. per min. Time marks at lo-sec. intervals. During the 
control period the uterus was contracting every 3 to 4 min. At the signal, o.i cc. M/iooo dl-cpi. was 
injected into the uterine artery. Note that during the control contraction the decrease in blood flow 
occurs simultaneously with tlie uterine contraction. Following the dl-epi., the flow diminished first, 
then one uterine contraction appeared, followed by complete inhibition. Tlie zero flow and uterine 
inhibition persisted for more than 30 min. 


as found on the vasoconstrictor and intestinal inhibitor}” receptors, l-cpi., the most 
active, followed by dl-cpi., art., vtclhyUarl., viclliyl-cpi. and A^-iso-arl. 

Wlien the isolated rabbit uterus was pretreated witli Priscol, a sympatliolytic 
agent, the amines lost tlieir excitatory effects and produced only inliibition, with the 
order of activity being tlie same as found on the rat uterus. Due to a limited supply, 
only 2 virgin cat uteri were tested and these gave results identical to those found on 
the rat uterus. 

The responses of the intact uteri of pregnant and nonpregnant dogs, cats and 
rabbits were recorded as described above for the intact intestine. The results ob- 
tained here were difficult to interpret, not only because of the diphasic effects that 
occurred but also because the muscular effects were complicated by tlie vascular ef- 
fects. This can best be described by the following example. The uterine blood 
flow and the intrauterine pressure were measured simultaneously in a dog a few days 
post-partum (34). The intra-arterial injection of o.i cc. of M/ 1000 dl-cpi. produced 
a complete cessation of blood flow lasting about 30 minutes. One uterine contrac- 
tion was produced and this was followed by complete inhibition also lasting for about 
30 minutes (fig. 4.). In contrast to this result, the administration of an equimolar 
dose of N-iso-art. produced a slight increase in flow together with a slight hihibition 
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of activity; these effects lasted only 3 minutes. These results show that the vascular 
effects so modify the duration of action of the muscular effects (constriction increas- 
ing and dilation decreasing) that a true comparison of activity becomes almost im- 
possible. With intravenous injections the arterial pressure changes added still 
another complicating factor. 

The apparent relative activit}' of these amines on the intact uteri is given in table 
1. The order of activity on the uterine inhibitory receptor (derived from the primary 
effect in the non-pregnant cat and the secondary effect in dogs and rabbits) is seen to 
be the same as found for the isolated rat uterus. The order of excitatory activity 
(derived from the primary effect in dogs and rabbits) was the same as described for 
the isolated rabbit uterus. 

Iris and Niciiiaiing Membrane. The comparative effects of the amines on these 
structures were determined in anesthetized cats. The respjonses of the dilator 
papillae were determined by direct observation, using an ordinary 60-watt lamp at 12 
inches for illumination. The movements of the nictitating membrane were recorded 
with a simple string and lever system. Some of the eyes were acutely denervated by 
section of the cervical sympathetics but this procedure had no apparent influence on 
the results. In some of the cats the amines were injected into the common carotid 
to avoid their blood pressure effects as much as possible. 

Equimolar and equivalent doses were tested. The relative order of activity of 
these amines was found to be the same on both structures as shown in table 1. The 
most active amine w'as l-epi., with dl-ejpi. about one-half as active, art. about one- 
sixth, methyUarl. one-fifteenth, and rmlhyl-epi. one-fortieth. Only occasionally did 
N-iso-arl. have any effect on these structures and then only when given in a very 
high dosage directly into the artery. 

Ureter. The actions of tlie amines were compared on the ureter of the anes- 
thetized rabbit. The ureter was exposed at the renal pelvis and cannulated. Saline 
was perfused under a pressure of about 25 cm. of water, the rate of flow being re- 
corded with a drop counter. The bladder was incised to allow free escape of the 
perfusate. All of the amines, except N-iso-arl., decreased the flow when injected 
intravenously. The relative order of activity as determined by the amount of flow 
decrease producedlry equimolar doses is shown in table i. N-iso-art. had practically 
no effect on the flow except when given in very high dosage at which time it increased 
the flow rate. 

The adrenotropic receptor of the rabbit ureter appears to be mainly excitatory 
in nature and related to the uterine excitatory and vasoconstrictor receptors. 

DISCUSSION 

The relative order of activity of these sympathomimetic amines on the various 
adrenotropic receptors is summarized in table 3. There are at least two distinct 
general types of these receptors. One type of receptor is associated with most of the 
excitatory functions and with at least one of the inhibitory functions (intestine). 
The other type is associated with most of the inhibitory functions and with one im- 
portant excitatory function (myocardium). The relative order of activity of dl-epi. 
and art. on the vasoconstrictor receptor is opposite to that previously reported in 
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the literature. This difference is probably due to the previous methods of compari- 
son, in which the pressor effects only were used as the criteria: of activity. The fact 
that dUepi. is more active than art. is more in accord with their relative activities on 
some of the other excitatory receptors. 

Because of the opposite effects associated with each type of receptor, the cus- 
tomary signs, E (excitatorjO and I (inhibitory), cannot be applied. Therefore, for 


Table 3. Summary of the relative order of activity of the amines 


RECEPTOR 


Most active 


ORDER OP ACTIWTV 


Least active 


Vasoconstrictor 

Uterine excitatory .... 
Nictitating membrane 

excitatory 

Dilator pitpiUae excit- 
atory 

Ureteral excitatorj'. . . . 
Intestinal inhibitory. . . 


1-cpi. 

dl-epi. 

art. 

methyl-art. 

methyl-epi. 

N-iso-art. 

1-cpi. dl-epi. 

art. 

methy’l-art. 

methyl-epi. 

N-iso-art; 

1-cpi. dl-epi. 

art. 

methyl-art. 

methyl-epi. 

N-iso-art. 

1-cpi. 

dl-epi. 

art. 

methyl-art. 

methyl-epi. 

N-iso-art. 

i-epi. dl-cpi. 

art. 

methyl-art. 

methyl-epi. 

N-iso-art. 

1-cpi. dl-cpi. 

art. 

methyl-art. 

methyl-epi. 

N-iso-art. 


Vasodilator 

Uterine inhibitory 

Myocardial excitatory’ . 


N-iso-art. I-epi. methyl-epi. dl-cpi. methyl-art. art. 

N-iso-art. 1-cpi. methyl-epi. dl-epi. methyl-art. art. 

N-iso-art. 1-epi. methyl-epi. dl-epi. methyl-art. art. 


Table 4. Structures or functions containing or associated with each of the two types 

OF ADRENOTROPIC RECEPTORS' 

ALPHA RECEPTOR BETA RECEPTOR 

Vasoconstriction Vasodilation 

Viscera Skeletal muscle 

Skin Coronary 

Nictitating membrane Viscera (few) 

Uterus (excitatory') Myocardium 

Rabbit Uterus (inhibitory) 

Dog Rat 

Human Cat 

Intestine Dog 

Ureter ^ Human 

Dilator pupillac Bronchi ( 20 ) 

> The following structures or functions have not as yet been completely tested: spleen, crcctores 
pilorum, urinary bladder, glands and gly’cogenolysis. 


convenience they have been designated as the alpha adrenotropic receptors and the 
beta receptors. Table 4 lists the structures or functions associated with each type of 
receptor. 

This concept of two fundamental tyipes of adrenotropic receptors is directly.op- 
posed to the concept of two adrenergic mediators. Epinephrine has all of the chem- 
ical and physical properties, and, as shown in table 3, all of the physiological proper- 
ties necessaiy to be the only adrenergic mediator. It is the most active substance on 
the alpha receptors and almost the most active on the beta receptors. It isj therefore, 
the one amine which is both the best excitatory agent and the best inhibitory agent 








June ipjS 


ADRENOTROPIC RECEPTORS 


597 


on the effector cells thus lar tested. It is fundamentally the most logical substance 
to be the sympatiietic neuro-hormone since all histological and embryological evi- 
dence points to the similarity of the adrenal medulla and the adrenergic post-gang- 
lionic nerves. 

Cannon and Rosenblueth based their belief in two kinds of sympathin on three 
fundamental observ^ations (4) : a) ergotoxine affects released sympathin and injected 
epinephrine differently, b) the combined effect of simultaneously released sympathin 
from two different sources appears to be greater than expected and c) the substance 
released by the stimulation of the hepatic ner\'es (liver sympathin) has physiological 
actions different from those of injected epinephrine. In order to support the theory 
of a single mediator and two receptors, it is necessary to challenge the validity of 
the conclusions drawn from these observations. 

A comparison of the effects of intravenously injected epinephrine and sympathin 
released by stimulation of the lower abdominal sympathetics is not valid because of 
the difference in the manner of delivery of the two substances to the effector cells. 
A constrictor substance presented intra-arterially, or released directly into a vascular 
bed by nerv^e stimulation, tends to hold itself in the periphery by its own constricting 
action. This can be readily shown by injected epinephrine into the femoral artery 
while measuring the femoral blood flow. Ergotoxine does not prevent this effect 
since it, in common with the other known sympatholytics, is not absolute in its 
sympatholytic or adrenolytic action. Therefore, a large amount of sympathin 
formed in the periphery by nervm stimulation (the figure reproduced by Cannon and 
Rosenblueth shows that prolonged nerve stimulation was done) would, even in the 
presence of ergotoxine, result in contraction of the vessels of that region, which in 
turn would hold the sympathin and not allow free circulation to other sites. The 
constriction would therefore be restricted and prolonged. Epinephrine, on the 
other hand, administered intravenously, would be delivered to all parts of the body, 
and therefore in low enough concentration to produce vasodilation by selective action 
upon the adrenotropic dilator receptors. 

The apparent difference between sympathins from two sources (the cardio- 
accelerator and splanchnic nersms) as interpreted by Cannon and Rosenblueth is 
questionable, since the cardiovascular effects were not considered. The effects (on 
the nictitating membrane) of the sympathins were separately quantitated against 
intravenously injected epinephrine. Simultaneous stimulation of the two sources 
then produced a greater response than expected from the original quantitation. 
The amount of sympathin delivered to the nictitating membrane is a function of the 
amount formed at the remote ending and of the blood flow from that region to the 
membrane. The blood flow was undoubtedly increased during the double stimula- 
tion (especially by the cardio-acceleration) and tended to force (against the holding 
effect described above) more of the splanchnic sympathin to the membrane. This 
would render the original quantitation invalid. The results may then be explained 
on the basis of delivery of different amounts of a single substance rather than by a 
potentiated effect produced by two different substances. 

The substance produced by stimulation of the hepatic nerves (liver sympathin) 
has been the subject of much study. It is evident that liver sympathin is not epine- 



598 RAYMOND P. AHLQUIST Volume tjs 

phrine. There is, however, no absolute evidence that it is the neuro-hormone 
(sympathin) or sympathin E. According to Cannon and Rosenblueth, liver sympa- 
thin contracts the nictitating membrane, increases arterial pressure, is not ‘reversed 
by ergotoxine’ ani does not dilate the pupU or relax the pregnant cat’s uterus. Fur- 
ther studies by Greer cl al. (13), and Gaddum and Goodwin (17) have confirmed, in 
tlie main, these observations, but have also sho^vn that it does relax the intestine, 
and may dilate the pupil and relax the cat’s uterus. 

Liver sympathin is related to epinephrine, and several investigators (9, 10, 13, 
17) have suggested that it might be arl. Euler has obtained a sympathomimetic 
substance by extraction of mammalian hearts and has suggested (19) that it might be 
the epinephrine isomer, melhyUarL Of the amines used in this study arl. appears to 
be the most similar to liver sympathin. 

Cannon and Rosenblueth considered the lack of pupillary' dilator action of liver 
sympathin as a paradox, on the basis that this substance was the hypothetical 
sympathin E. Actually however, the stimulation of the nictitating membrane by 
liver sympathin is the paradox, if liver sympathin is arl. It has been sho^vn that 
arl. is almost equally effective on the iris and the nictitating membrane. Therefore, 
an amount of liver S3’’mpathin, if it is arl. that would contract the membrane, should 
also dilate the pupil. As Gaddum and Goodwin (17) have pointed out, the nictitat- 
ing membrane is very responsive to man)’’ substances other than sympathomimetic 
amines. It is possible that stimulation of the hepatic nerv’es could produce small 
amounts of histamine or acetylcholine which might account for the marked action of 
liver sympathin on the nictitating membrane. 

Assuming that liver sympathin is art., does this amine possess the necessary 
qualifications to be called sympathin E? The answer must be no, since the results 
reported herein (based on the racemic forms) demonstrate conclusively that art. 
is not the most active agent on any of the excitatory adrenotropic receptors. Just 
why sympathin from the liver should be chiefly excitatory has never been explained. 
The source must either be the nen’e endings in the liver cells or the endings m the 
smooth muscle of the hepatic blood vessels. Evidence has been obtained by direct 
flow studies that epinephrine can produce vasodilation in the hepatic vessels in a 
manner analogous to its action on other vascular beds (35). Therefore, if there are 
two kinds of sympathin there is no good reason why an inhibitory substance should 
not also be formed by hepatic ner\’e stimulation. 

Considering all of the facts available, it is apparent tliat liver sympathin is a 
unique product, possibly a modification of the neuro-hormone chemically changed 
by the liver substance after formation; and tliat no other substance like it has ever 
been conclusively demonstrated as being formed by stimulation of other sympathetic 
nerv’es. It should therefore be considered as an exception and not be used as the 
entire basis for the proof of the existence of two kinds of sympathin. 

Although little can be said at the present time as to the fundamental nature of 
the adrenotropic receptor and the difference between tlie alpha and beta types, this 
concept should be useful when studying the various actions of epinephrine, the ac- 
tions and interactions of the sympathomimetic agents, and the effects of sympathetic 
nerv’e stimulation. Use of the terms sympathin E and I should be discouraged, and 
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the term sympathin. should be used to distinguish between the neuro-hormone pro- 
duced by nerve stimulation and exogenous epinephrine. Fortunately in the case of 
the cholinergic nerves there has never been any suggestion that there might be two 
mediators, although botlr excitatory and inhibitory effects are produced. The di- 
verse effects of the cholinergic mediator, acetylcholine, have always been ascribed to 
differences in the receptors upon which it acts. 

SUMMARY 

There are two distinct types of adrenotropic receptors as determined by their 
relative responsiveness to the series of racemic sympathomimetic amines most closely 
related structurally to epineplirine. The alpha adrenotropic receptor is associated 
with most of the excitatory functions (vasoconstriction, and stimulation of the uterus, 
nictitating membrane, ureter and dilator papillae) and one important inhibitory 
function (intestinal relaxation). The hcla adrenotropic receptor is associated with 
most of the inhibitory functions (vasodilation, and inhibition of the uterine and 
bronchial musculature) and one excitatory function (myocardial stimulation). 
Racemic epinephrine (and therefore levo-epinephrine which is about twice as active) 
is the one amine which is the most active on both the alpha and beta receptors. 

The results support the theory that there is only one adrenergic neuro-hormone, 
or s3Tnpathin, and that sympathin is identical with epinephrine. The so-called 
liver sympathin (the sympathin E of Cannon and Rosenblueth) is regarded as a 
modified form of sympathin, chemically changed by the liver after formation; and 
liver sympathin is also considered a unique product and should not be regarded as 
sympathin E or even sympathin. 

The amines were kindly furnished by the following; Drs. K. K. Chen, M. L. Tain ter and Mel 
villc Sahyun. The heparin was generously supplied by Lcderle Laboratories, the dibenamine by 
Givauden-Dclawanna, Inc. and tlie Priscol by Ciba Pharmaceutical Products, Inc. The author is 
especially grateful to his colleagues of the Departments of Pharmacology and Physiology, who have 
been most generous and helpful with their criticisms .and suggestions. 
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ACTION OF TETRAETHYLAMMONIIJM ON CHEMORECEPTOR 
AND STRETCH RECEPTOR MECHANISMS^ 

GORDON K. MOE, LUIS R. CAPO,- and BRAULIO PERALTA R® 

From the Department of Pharmacology, University of Michigan 

ANN ARBOR, MICHIGAN 

T RAA^SMISSION in autonomic ganglia is interrupted by tetraethylam- 
monium (i), probably by competition with acetjdcholine for a 'receptor 
substance’ in the ganglion ceils. The specialized receptor cells of the 
carotid and aortic glomi, formerly thought to be related to autonomic ganglia in 
ontogenetic origin and in structure, have recently been shown to possess no clear 
morphologic relationship to ganglion cells (2, 3); but in their responses to numerous 
drugs the chemoreceptors resemble ganglionic cells very closely. While the phy- 
siological stimulus to tlie chemoreceptor is hypoxia, or perhaps a resultant increase 
of intracellular- h5’'drogen ion concentration (4), it is well known that these cells 
can also be excited by acetylcholine (and numerous otlier quaternary ammonium com- 
pounds) and by nicotine, both of which also stimulate ganglion cells, and by the 
cyanide ion. The present study was undertaken to determine- whether chemical 
excitation of the chemoreceptors, like that of ganglion cells, would be modified by 
tetraethylammonium. Stretch receptor mechanisms were studied for comparison 

METHODS 

All e-xperiments were performed on dogs anesthetized with thiopental followed 
by sodium barbital. Arterial blood pressure was recorded with a mercury mano- 
meter. Respiratory rate and amplitude were recorded by means of rubber bellows 
tied about the chest and attached to a tambour; in a few cases minute volume of ex- 
pired air was recorded by a loo-liter spirometer. In some experiments, the carotid 
bodies were denervated and the vagi sectioned to demonstrate that the doses of cy- 
anide used produced effects mediated almost entirely by chemoreceptor mechanisms. 
Tetraethylammonium (T.E.A.) was administered at varying rates by continuous 
intravenous infusion, and the test drugs acetylclioline chloride, nicotine hydro- 
chloride, sodium or potassium cyanide, lobeline sulfate, and veratridine hydrochloride 
were given by single or repeated intravenous injection. Acetylcholine was given 
only after atropinization. 


RESULTS 

Typical respiratory responses to acetylcholine, nicotine and cyanide before and 
during infusion of tetraethylammonium are illustrated in figure i. Acetylcholine 
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in a total dose of 4 mgm. caused a brief increase of respiratory rate, amplitude and 
minute volume, accomparued by a primary fall of arterial pressure (presumably be- 
cause of incomplete atropinization) and a secondary moderate rise due to ganglionic 
stimulation of sympatlietic vasoconstrictor pathways. The hyperpneic and pressor 
responses to twice tliis dose were abolished by T.E.A. infusion. The depressor phase 
persisted, since tlie action of acetylcholine on effector cells is not prevented by T.E.A. 
Similarly, the action of nicotine was blocked; during infusion of T.E.A., 0.8 mgm. 
failed to alter respiration or blood pressure, although 0.2 mgm. caused a vigorous hy- 
perpnea during the control period. The inhibition of the response to nicotine was 


150 

100 

50 


ACRflMG NIC2U0 KCtI U.tt AC II 6 MO MIC. .8 MO KCM 1 MO 

I.TCA <10/A/II 

Fig. I. Dog, 9.3 kgm. Tracings, top to bottom: respiration (tamlwur), respiratory minute vol- 
ume (spirometer), arterial pressure, signal, time in lo-scc. intervals. Continuous infusion of T.E.A. 
during last three segments. 

shown not to be due to development of tachyiohylaxis to this drug, for responses re- 
turned after cessation of the T.E.A. infusion. The action of cyanide, however, was 
not blocked by T.E.A. Similar results were obtained in five additional anirhals. 
In one experiment lobeline sulfate (Lilly) produced responses which, like those of 
nicotine, were blocked by T.E.A. 

Blockade of the carotid body responses to acetylcholine and nicotine, like 
blockade of ganglia, is apparently competitive in nature, for a level of T.E.A. ad- 
ministration which blocks the minimal dose of these agents effective during tlie con- 
trol period can be overcome by the injection of larger doses, and tlie responses to the 
larger doses of acetylcholine and of nicotine can again be blocked by increasing the 
infusion rate of T.E.A. 

Since T.E.A. fails to block the action of cyanide, it was expected that it would 
also fail to prevent the hyperpneic response to hypoxia induced by the respiration of 
a mixture of s per cent oxygen and 95 per cent nitrogen. This was confirmed as 
illustrated in figure 2A. The respiratory responses to hypoxia, to hypercapnea (10% 
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carbon dioxide) and to asphyxia were essentially unaltered by high infusion rates 
of T.E.A. 




11 -150 




-50 
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HYPOXIA NIC. 0.2 MG. HYPOXIA NIC. 0.2 MG. T.E.A. 50 MG, 

t T.E.A. 20 MG./KG./HR. _J 

Fig. 2A. Dog, io.o kgm. Tracings as in fig. i. Between segments 2 and 3, manometer was 
shifted; scale at left applies to first two segments. The bracket at the right of segment 4 extends 
from o to 100 mm. Hg and applies to segments 3 and 4. Hypoxia: 5% Os, 95% Ns; Nic.; nicotine 
hydrochloride.' 

Fig. sB. Dog, 11.2 kgm. Tracings: respiration (tambour), arterial pressure, signal, time (in 
minutes). Pressure scale at right in mm. Hg. 



NIC. 0,2 MG EPt40T VERAT SOT 



niC.WMO EPl 10 T VERAT. SOT 

t_TEA 20/K/H 


Fig. 3. Dog, 8.3 kgm. Tracings: respiration (tambour), arterial pressure, signal, time, 10 sec. 
Continuous infusion of T.E.A. during last two segments. 


The action of T.E.A. on tlie pressoreceptors could not be judged from cardio- 
vascular responses to alteration of intracarotid pressure, for the efferent autonomic 
pathways involved in such reflexes are blocked by the drug. Respiratory responses 
were therefore studied. Intracarotid pressure was reduced by bilateral carotid 
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occlusion or by injection of glyceryl trinitrate, or increased by the injection of epi- 
nephrine. The increased respiratory rate caused by reduction of carotid pressure 
was not prevented by T.E.A.; indeed, a relative tachypnea usually occurs as the 
pressure falls from the injection of T.E.A. itself (fig. 2B). Similarly the slowing or 
cessation of respiration induced by epinephrine persists during infusion of T.E.A. 
(fig. 3). It may be concluded that the pressoreceptor response to mechanical stim- 
ulation is not affected. 

The responses of pulmonary stretch receptors also appear to be unaffected by 
T.E.A. Administration of the drug by single dose or continuous infusion causes a 
reflex acceleration of respiration induced by diminished arterial pressure; it does not 
cause the slowing and the increase of amplitude which result when the Hering- 
Breuer reflexes are interrupted by vagal section. Further evidence on this point was 
obtained in a dog in which the chest was opened and artificial respiration administered 
at a minute volume which just failed to suppress spontaneous respiratory efforts. 
In this state, fespiratoiy movements were synchronous with the strokes of the pump. 
Cyanide and lobeline caused a great increase of amplitude of the respiratory efforts, 
but because of the continuing influence of the vagal reflex mechanism the rate re- 
mained equal to that of the pump. During infusion of T.E.A. the response to lobeline 
was blocked, but the response to cyanide was unaffected, and the thoracic excursions 
remained synchronous with the pump, proving that the pulmonary vagal receptors 
were unaffected by T.E..^. 

Veratridine has been shown to cause a reflex bradycardia, hypotension and 
apnea (5). The site of the afferent endings initiating the cardiovascular responses 
has been localized to cardiac terminations of the vagi, while the respiratory response 
is effected by stimulation of vagal endings in the lungs (6). As in the case of re- 
sponses to pressoreceptor stimulation, the cardiovascular responses to veratridine 
are blocked by T.E.A, through interruption of the efferent pathways. Apnea, how- 
ever, is not prevented by T. E. A. (fig, 3); it may be concluded that these unique 
vagal receptors, like the stretch receptors of the lungs and the carotid and aortic 
areas, are unaffected by T.E.A. 

DISCUSSION 

Histologic studies of the carotid and aortic bodies (2, 3) demonstrate the presence 
of columns of epithelioid cells, presumably but not certainly of neural origin. These 
cells are closely approached, and perhaps entered (2) by neurofibrils. The few gang- 
lion cells which have been described are not believed to have any functional signi- 
ficance in the chemoreceptor function. Assuming tliat the epithelioid cells are indeed 
modified neurons, specially developed for a chemosensitive function, the impulse 
aroused in these cells must be transmitted to the fibrils of the afferent nerves. What- 
ever the origin of these cells, and whatever their relationship to ganglia may be, it 
is conceivable that transmission across this unique synapse could be effected by 
acetylcholine. This would account for the sensitivity of these structures to acet3d- 
choline and related substances. According to the concepts of Gesell and his collabo- 
rators (4, 7), the normal physiological stimulus, hypoxia, could act by decreasing in- 
tracellular pH and thus potentiating the transmitter. If such a cholinergic synapse 
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exists, it is difficult to explain the action of T.E.A., for the latter, by blocking the 
synapse, should prevent responses to cyanide and hypoxia as well as those to acetyl- 
choline and nicotine. However, if Nonidez’ view is correct, that at least some of the 
nerve fibrils enter tire receptor cells, it would be expected that such an intracellular 
‘s}Trapse’ would be inaccessible to T.E.A., while exogenous acetylcholine could, of 
course, still be blocked. In the light of our present incomplete knowledge of the 
functional anatomy of die glomi, no more extensive speculation can be made; it 
can only be stated that the chemoreceptors respond to acetylcholine, whether or not 
this plays a physiological role, and that the response to acetylcholine, but not to 
hypoxia or cyanide, can be blocked by T.E.A. 

Large doses of T.E.A. cause death in the anesthetized dog by respiratory depres- 
sion. Respiration ceases while somatic neuromuscular transmission remains un- 
impaired; the meclianism is thus obviously not curariform. Since the carotid body 
response to hypoxia, which plays an important role in maintaining adequate ventila- 
tion of animals under barbiturate anesthesia (8), is not blocked by T.E.A., the res- 
piratory depressant action of this drug is probably exerted centrally. 

The activity of pressoreceptor mechanisms is apparently unaltered by T.E.A. 
This was expected, since the stimulus for such stretch receptors, and for those in the 
lung, is mechanical. The failure of T.E.A. to block the cardio-pulmonary vagal 
afferents suggests that these may be stretch receptors whose sensitivity is altered 
by the veratrum alkaloids, rather than chemoreceptors stimulated by these drugs. 
The latter possibility cannot, of course, be eliminated, for there is no reason to suspect 
that T.E.A. could compete in such a chemoreceptor mechanism. 

SUMMARY 

1. Tetraethylammonium blocks the action of acetylcholine, nicotine, and lobe- 
line on the carotid body. The effects of cyanide and of hypoxia on the chemorecep- 
tors are not blocked. 

2. T.E.A. does not prevent the activity of the stretch receptor mechanisms in the 
carotid sinus and aortic arch, or in the lungs. 

3. T.E.A. prevents the reflex cardiovascular responses to veratridine, by inter- 
rupting ganglionic transmission in the efferent limb of the arc; it does not block the 
afferent vagal endings in the thorax as judged by the persistence of the respiratory 
response. 
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PANTOTHENIC ACID AND CARBOHYDRATE METABOLISM 

IN THE RAT 

LESLIE IRWIN‘ and ELAINE P. RALLI 
From the Laboratories of the Department of Medicine, Neiv York University College of Medicine 

NEW YORK, NEW YORK 

I N A study of factors affecting survival in adrenalectomized rats, we had observed 
(i) that, with adequate amounts of sodium chloride, the addition of calcium 
pantothenate to a pantothenic-acid deficient diet resulted in a remarkably long 
period of survival. In fact, sur\dval with calcium pantothenate plus sodium chloride 
was significantly longer than that obtained when either cortical extract plus salt or 
desoxycorticosterone acetate (DOCA) plus salt were added to the deficient diet. We 
are now investigating the manner by which pantothenic acid may operate to effect the 
prolonged sundval of the adrcnalectomized rat. 

As pantothenic acid is known to play a role in carbohydrate metabolism (2-9), 
and as the adrenal cortex is associated with carbohydrate metabolism, it seemed pos- 
sible that the prolonged survival of the adrcnalectomized rat fed calcium pantothenate 
might be due to some effect of pantothenic acid on carbohydrate metabolism. Before 
proceeding to study the adrcnalectomized deficient animal, it was necessary to investi- 
gate the effect of panto tlienic acid on the carbohydrate metabolism of the intact rat. 
In order to provoke a severe disturbance in carbohydrate metabolism, one series of 
experiments has been done in which the effect of pantothenic acid was studied in the 
alloxan-treated rat. 


EXPERIJIENT r 

Procedure 

Fifty-two rats of the Long-Evans strain, bred in the laboratory, were used in this 
experiment. The rats were divided into three groups. Groups A and B (total of 46 
rats) were placed on the pantothenic-acid deficient diet (2) when the animals were 34 
days old and were continued for 29 to 38 days on the deficient diet before treatment 
with alloxan was initiated. These rats received a solution of i per cent sodium chlo- 
ride as drinking water The rats in group A (27 rats) were continued on the deficient 
diet after the injection of alloxan. The rats in group B (19 animals) were given 4 
mgm. of calcium pantothenate daily in addition to the deficient diet. The calcium 
pantothenate was begun either 4 or 5 days prior to alloxan injection (13 animals) or 
on the day of injection (6 animals). The animals in groitp C (6 rats) were fed tire Nu- 
Chow diet and were injected with alloxan when they were 49 days old. All animals 
of groups A, B and C were injected intraperitoneally or subcutaneously with alloxan 

Received for publication Maj^ 5, 1948. 

1 Fellow in Internal Medicine, New York. University Medical Division, Goldwater Memorial 
Hospital. 
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monohydrate in a dose of 17.5 ingm. per 100 grams of body weight after a preliminary 
fast of 17 or 24 hours. The alloxan was made up in a 5 per cent solution in distilled 
water. The degrees of glycosuria, polyuria, polydipsia and weight loss were used as 
an indication of tire severity of the diabetes. The animals were not considered dia- 
betic unless the glycosuria persisted for at least 7 days. The animals rendered dia- 
betic were observed for an average of 30 days. Three of the deficient and 5 of the 
supplemented diabetic animals were given varying amounts of protamine zinc insulin 
subcutaneously in an attempt to control the diabetes. Five other deficient, i supple- 
mented, and 2 animals on the Nu-Chow diet, all of which were diabetic, were subse- 
quently bilaterally adrenalectomized under ether anesthesia from the 7th to the 27th 
day following alloxan treatment. 


Table i 
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Results 

The results of Experiment I are summarized in table i. 

Length of fasting -period and route of alloxan injection. A fast of 17 hours followed 
by an intraperitoneal injection of alloxan did not cause any difference in the develop- 
ment of diabetes in the deficient rats when compared with a 24-hour fast followed by 
a subcutaneous injection. The mortality rate experienced with the former combina- 
tion, however, was considerably higher. In the pantothenic acid supplemented 
group, the 17-hour fast followed by an intraperitoneal injection produced more dia- 
betic animals but there was little difference in the mortality rate. 

Incidence of diabetes. The incidence of diabetic animals seemed to be little 
affected by the nature of the previous diet, since approximately only one tliird of the 
animals in each group exhibited glycosuria for more tlian 7 days. The alloxan was 
given in a single dose and, as many workers advise repeated injections, this undoubt- 
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ediy influenced the incidence of glycosuria. In the deficient animal, repeated injec- 
tions are hazardous but may still be necessary to consistently produce the diabetic 
state. 

Severity of diabetes. The extent of the glycosuria varied considerably in the indi- 
vidual animals and a spontaneous remission of the glycosuria also occurred in some 
animals. The absence or presence of pantothenic acid in the diet did not appear to 
affect the glycosuria or the degree of polydipsia and polyuria. 

Response to insidin. Injections of protamine zinc insulin decreased or abolished 
the glycosuria regardless of whether the rats were on the deficient or supplemented 
diet. Relatively large doses of insulin were tolerated, one animal receiving as much 
as 4 units in a single dose. 

Response to adrenalectomy. The 5 diabetic animals on the deficient diet which 
were bilaterally adrenalectomized became aglycosuric and died between the 6th and 
13th post-operative days. Of the 2 diabetic aninals on the Nu-Chow diet which were 
similarly adrenalectomized, one died within 24 hours, the other lived 8 days with only 
traces of sugar in the urine. A single diabetic animal on the supplemented diet be- 
came aglycosuric and continued to gain weight after adrenalectomy for 17 days at 
which time it was sacrificed. 


EXPERIMENT 2 

Procedure 

Thirty-four Long-Evans rats on the Nu-Chow diet were injected subcutaneously 
with alloxan monohydrate (5 per cent solution in distilled water) in a single dose of 
17.5 mgm. per 100 grams of body weight at the age of 87 days. An additional dose 
of 10 mgm. per 100 grams in a 2| per cent solution of distilled water was given subse- 
quently to any resistant or only slightly glycosuric animal. The 12 rats thus .made 
diabetic were then paired off on the basis of body weight and degree of hyperglycemia. 
There were thus 6 pairs of animals, one of each pair receiving the pantothenic acid 
deficient diet and the other receiving the same daily amount of the deficient diet as 
consumed by the paired feeding mate and, in addition, receiving 4 mgm. of calcium 
pantothenate daily. Both groups received a solution of i per cent sodium clfloride as 
drinking water. Daily food, water consumption and urinary output were measured. 
The degree of glycosuria was determined by using Clinitest tablets. The animals 
were observed for 32 days. Blood sugar levels were determined on the nth and 22nd 
days' of the experiment in each animal, using the method of Polls and Sortwell (9a). 

Results 

The^ results of the paired feeding experiment are summarized in table 2. The 
blq9d sugar changes in the 2nd, 3rd, 4th, and sth pairs of animals did not appear to 
be significant, considering normal variations and the error in the method. The defi- 
cient animal of pair number i showed a 30 per cent increase in the level of blood sugar 
while the supplemented rat showed a 102 per cent increase. In pair number 6 , the 
deficient animal showed a 40 per cent decrease while the supplemented animal showed 
a 16 per cent decrease. The change in weight revealed rather marked individual 
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variability but no consistent trend in either the deficient of supplemented animals. 
The average daily urine volume was, likewise, quite variable with no consistent trend 
in either group. The urine volumes, for the most part, were quite high. The supple- 
mented rat in pair mmiber 6 had an average daily urine output of 258 cc., or more 
than 2.5 times its body weight. 


Table 2 
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DISCUSSION 

The results of the experiments indicate that aUoxan diabetes produced in the 
manner described above is an extremely variable S3mdrome. Complete spontaneous 
remission of the glycosuria may occur and such inherent variability would tend to 
mask any effect of the absence or addition of pantothenic acid to the diet. 

The strikingly low blood sugars in some of the ‘diabetic’ animals in the paired 
feeding experiment may be partially accounted for by the rather prolonged fasting 
period. Many investigators (10-14) have described, in addition to tlie customary 
pancreatic changes, histological lesions in the convoluted tubules of the kidney of 
varying severity after alloxan treatment. Lazarow (14) found that the blood non- 
protein nitrogen paralleled the renal damage. Bennett (15) found no difference be- 
tween the diabetic and nephrotoxic dose of alloxan in rats in the Long-Evans strain. 
It is quite possible that the glycosuria of alloxan diabetes may be due in part, at least 
in the early phase of the diabetes, to renal damage. 

StTMMARY 

Alloxan-treated young black rats exhibit a diabetes of inconstant severity which 
responds to insulin and which is ameliorated by bilateral adrenalectomy. The glyco- 
suria during the early phase of the diabetes may be partly due to the renal damage. 
No significant effect on the diabetes was noted due to the addition or absence of panto- 
thenic acid in the diet. The inconstancy of the diabetes produced by alloxan makes 
it of questionable value as a method of studying the r 61 e of pantothenic acid in carbo-^ 
hydrate metabolism. 
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